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 The widespread use of homogenous late second- and third-row transition metal complexes for the 
catalytic hydrogenation of carbon-carbon multiple bonds can be attributed to the well-defined 
reactivity, stability and overall high activity of such catalytic systems. The development of sustainable, 
more abundant and relatively less toxic late first-row transition metal complexes to parallel such 
catalysis is an attractive alternative and has gained much interest. However, due to the inherent 
electronic structure of these metals, common first-row transition metal complexes have a propensity to 
undergo one-electron or radical reactivity, which can be detrimental to the desired reactivity. Toward 
this end, an electron-rich monoanionic bis(carbene) aryl pincer ligand, MesCCC, was chosen study two-
election chemistry with cobalt.  
 With the MesCCC pincer ligand platform well-suited to stabilize a range of oxidation states of cobalt 
(Co(III), Co(II), and Co(I)), studies into the room temperature metalation of the ligand precursor salt, 
[H3(MesCCC)]Cl2, resulted in the formation (MesCCC)CoCl2py. Furthermore, the reduction of 
(MesCCC)CoCl2py with one or two reducing electron equivalents yielded the corresponding Co(II) and 
Co(I) complexes, respectively. Characterization of these complexes by 1H and 13C NMR, EPR, and FT-IR 
spectroscopies, as well as single crystal X-ray crystallography is described.  The interconversion between 
a series of low-spin cobalt complexes in the +3, +2 and +1 oxidation states provides a platform for which 
to study two-electron chemistry with cobalt.   
 The reactivity of the low-valent (MesCCC)Co(N2)(PPh3) towards dihydrogen resulted in a reversible H2 
coordination to the cobalt center and based on multinuclear NMR studies, a nonclassical binding mode 
of H2 was established, (MesCCC)Co(H2)(PPh3). The scrambling of H2 and D2 by the Co(I)-(H2) species 
suggests a Co(III)-(H2)(H)2 intermediate may be involved. Furthermore, the competency of the Co-(H2) 
complexes towards the catalytic hydrogenation of alkenes was also investigated. The hydrogenation of 
terminal olefins proceeded selectivity at room temperature, while more sterically demanding 1,2-
disubstitued olefins proceeded at elevated temperatures.  Mechanistic studies based on multinuclear 
and parahydrogen (p-H2) induced polarization (PHIP) transfer NMR reveled a Co(I)/Co(III) redox process 
was operative.  
 Based on the mechanistic studies of the olefin hydrogenation studies, the hydrogenation utility of 
(MesCCC)Co(N2)(PPh3) was extended toward the semi-hydrogenation of a broad scope of alkynes with 
excellent selectivity toward E-alkenes. Mechanistic studies of the alkyne hydrogenation process using 
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1H, 2H and PHIP transfer NMR spectroscopy enabled the identification of key reaction intermediates and 
established that cis-hydrogenation occurs first, followed by trans-isomerization under a H2 atmosphere.  
 The catalytic utility of the (MesCCC)Co complexes was extended to the selective hydrogenation 
nitriles to primary amines. The active catalyst was generated by the in situ reduction of a bench-stable 
Co(III) precatalyst, (MesCCC)CoCl2py, using NaHBEt3.  The resulting BEt3 was found to be vital to the 
observed catalysis, acting as Lewis acid. Based on the PHIP transfer NMR studies, the role of BEt3 was 
proposed to facilitate a side-on coordination of the nitrile to cobalt center, thus permitting a pairwise 
transfer of H2 through a Co(I/III) redox process to proceed. 
 Given the robust functional group tolerance and enhancement of the 1H NMR resonances in the 
hydrogenation products using PHIP, the low-valent (MesCCC)Co complex were shown to effectively 
hyperpolarize the 13C NMR signals using p-H2.  Comparisons of the carboxylate 13C signal enhancement 
of ethyl propionate using [(dppb)Rh(COD)]BF4 and (MesCCC)Co-py, showed that the cobalt complex 
hyperpolarization efficiency is comparable with the rhodium system, demonstrating that the   
monoanionic bis(carbene) pincer ligand supports noble-metal reactivity with cobalt.  
 Lastly, stoichiometric oxidative addition and reductive elimination chemistry with the MesCCC ligand 
platform demonstrate the viability of a Co(I)/Co(III) redox couple in the proposed catalytic 
hydrogenation reactions. The preparation of cationic cobalt(III)-hydride dinitrogen phosphine complexes 
served as a platform to study migratory insertion of alkenes, as well as, the scrambling of H2 and D2.  
These studies also demonstrate that the MesCCC ligand system not only supports the hydrogenation 
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CHAPTER 1: INTRODUCTION 
 
The current emphasis of employing Earth abundant transition metals in favor of noble metals to 
catalyze chemical reactions is not a novel concept. Historically, osmium was first used to catalyze the 
hydrogenation of N2 to ammonia, but today, catalysts featuring iron are highly efficient and are widely 
employed in the Haber-Bosch process.1 However, in the case of another industrially momentous process, 
hydroformylation or also referred to as the oxo process,2 the opposite is true. The reaction was initially 
catalyzed by a cobalt(I) carbonyl species, HCo(CO)4,3 however, catalysts based on more expensive rhodium 
metal are currently used to mediate these transformations since the rhodium catalytic system is more 
active and operates under lower pressures and temperatures.4,5  
That trend has continued, as currently numerous synthetic transformations are dominated by 
homogenous catalytic systems featuring late second- and third-row transition metals.6 The integration of 
stability, well-defined reactivity and high-efficiency are some of the traits generally associated with 
dominance of noble metal systems.7 Of the characteristics, well-defined and predictable two-electron 
reactivity such as oxidative addition, insertion, and reductive elimination is inherently ubiquitous in these 
metal systems and as result they have occupied a prominent position in numerous synthetic 
methodologies.6,8 Vaska’s complex, IrCl(CO)(PPh3)2,9 readily undergoes oxidative addition of H2 to give the 
Ir(III)-dihydride species and has been used as a platform to study two-electron processes (Scheme 1.1). 
Comparatively straightforward characterization of catalytic intermediates is an additional feature of 
precious metal complexes. For instance, mechanistic studies of rhodium hydrogenation catalysts10 
revealed numerous reaction intermediates and ultimately these insights led to the development of a more 
active complexes.11,12 Despite being featured in numerous catalytic processes, questions into the long-
term dependability on noble metals from a sustainability viewpoint arise.  
From a sustainability view, isoelectronic late first-row transition metals can be considered as 
attractive alternatives to second- and third-row transition metal complexes. Despite being more abundant 
and generally less toxic, due to the innate electronic structure of common late first-row transition metal 
complexes, single-electron reactivity dominates. One-electron reactivity often results in side reactivity if 
two-electron chemistry is sought. Efforts toward promoting noble-metal reactivity on transition metal 
Scheme 1.1 Reversible reactivity of Vaska’s compound with H2. 
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complexes featuring base-metals have relied on leveraging ligand systems to circumvent one-electron 
reactivity.  
 
1.1 Redox-active ligand approach to two-electron reactivity 
Much like Nature’s own way of furnishing two-electron reactivity13 with Earth-abundant metals, the 
incorporation of supporting ligand platforms which can undergo redox changes themselves in addition to 
the metal center have proven to be an effective strategy to facilitate two-electron reactivity14 in iron and 
cobalt complexes. Application of such an approach yielded the discovery of a catalytically active 
hydrogenation iron catalyst featuring a tridentate aryl-substituted pyridine(diimine) (PDI) ligand 
platform.15,16 Subsequent reactivity studies of the cleavage of C-C bonds in biphenylene by the iron 
complex revealed a one-electron oxidation event at the metal center as well as a one-electron oxidation 
of the ligand platform, thus enabling an overall two-electron process to transpire (Scheme 1.2).17 Adapting 
a cooperative ligand-metal approach, the hydrogenation of mono and disubstituted alkenes was extended 
to include square planar PDI cobalt complexes,18 as well as, C1-symmetric PDI cobalt derivates,19 which 
were active for the asymmetric hydrogenation of prochiral olefins. Incorporating N-heterocyclic carbenes 
into tridentate redox-active ligands platforms, such as in iPrCNC-cobalt complexes, (iPrCNC = 2,6-(2,6-iPr2-
C6H3-imadazol-2-ylidene)2-C5H3N),20 furnished more electron-rich cobalt complexes than the PDI 
derivatives and as a result, were highly active for the reduction of unactivated olefins and even challenging 
tri- and tetra-substituted alkenes. Despite this success of this approach to circumvent one-electron 
reactivity, unexpected deactivation pathways resulting from the ligand centered radicals can arise and 
have been shown to hamper catalysis.20 Nevertheless, redox-active ligands have proven to be an effective 
approach to yield two-electron reactivity on late first-row transition metal complexes.  
 
1.2 Strong-field ligand approach toward two-electron reactivity 
Unlike with the redox active ligand approach, the incorporation of strong-field ligands into late first-
row transition metal complexes is focused on maximizing field-strengths to disfavor one-electron 
reactivity at the metal center. Based on angular overlap studies, carbon-based ligands are well matched 
Scheme 1.2 Oxidative addition of biphenylene by (ArPDI2-)Fe(II)-N2 to give (ArPDI1-)Fe(III)-biphenyl. 
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to impart a strong field on late first-row transition metals.21,22 For example, cyclopentadienyl ligands have 
been used to sustain low-spin iron(II) configurations in ferrocene23 and a combination of carbonyl and 
phosphine ligands have supported low-spin iron(0) complexes, such as (dppe)Fe(CO)3 (dppe = 
Ph2PCH2CH2PPh2).24 However, due to the coordinative saturation around the iron center, two-electron 
reactivity studies with ferrocene are limited. In the case of (dppe)Fe(CO)324 dissociation of a strong field 
CO ligand results in the formation of a high-spin complex. Thus, supporting ligands must be preserved in 
the metal complex and prevented from taking part in reactivity to maintain a strong-field ligand 
environment.   
Electron-rich pincer ligands are versatile platforms to study two-electron chemistry with base metals 
due the inherent stability upon complexation, the degree which the electronic and steric parameters can 
be tuned25 and the meridional binding of the pincer system generally allows for up to 3 coordination sites 
for substrate binding.  Recent examples of oxidative addition of H2 onto square planar cobalt complexes 
(iPrPNP)CoCH3 (iPrPNP = 2,6-bis-(diisopropylphosphino-methyl)-pyridine) (Scheme 1.3)26 and (HPNP)CoCl 
(HPNP = HN(CH2CH2PiPr2)2)27 as well as, three coordinate cobalt centers in tBuPNPCo (tBuPNP = 
({tBu2PCH2SiMe2}2N-)28 demonstrate the feasibility of using electron-rich pincer systems to study two-
electron chemistry.  Additionally, low-spin cobalt(II) complexes featuring electron-rich bidentate 
phosphine and alkyl ligands were shown to be active for hydrogenation of alkenes29 and subsequent 
mechanistic studies of this system demonstrated a Co(0)/Co(II) process was operative.30 Our group has 
recently reported an electron-rich low coordinate cobalt complex mediating the amination of aryl halides 
(Scheme 1.4), demonstrating that multi-electron redox with late first-row transition metals is plausible 
with the appropriate ligand environment.31 
1.3 Monoanionic bis(NHC) CCC pincer ligand 
 Encouraged by the successful use of electron-rich ligands to promote effective two-electron reactivity 
from first-row transition metal centers,26-28,32 we surveyed the literature to select a robust and electron-
Scheme 1.3 Oxidative addition of H2 with (iPrCNC)Co(I)-CH3 to give (iPrCNC)Co(III)-(H)3. 
Scheme 1.4 (PPh3)2Co(I)N(SiMe3)2 catalyzed amination of aryl halides. 
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rich ligand platform. Given the enhanced stability and performance observed with transition metal 
catalysts upon the substitution of phosphines with N-heterocyclic carbenes,33,34 as well as studies 
suggesting carbon based supporting ligands are best suited to impart an electron-rich environment on a 
first-row transition metal,22,23 we decided to employ the monoanionic bis(N-heterocyclic carbene), MesCCC 
(Mes = 2,4,6-trimethylphenyl), pincer ligand platform, of which the imidazolium precursor, 
[H3(MesCCC)]Cl2, was previously reported by Chianese and coworkers35 (Figure 1.1).  We hypothesized that 
greater orbital overlap between the metal center and the anchoring anionic aryl carbon and the two N-
heterocyclic carbene carbon atoms of the pincer ligand would impose a strong-field ligand environment 
to support two-electron processes in the resulting complexes. Furthermore, the ligand system features 
mesityl groups on the ligand periphery which serves to provide a 1H and 13C NMR spectroscopic handle, 
aid in the solubility of the complexes in organic solvents and ehance steric protection to the metal center.   
 The initial aims of our research efforts were focused on developing MesCCC-Co complexes to study 
stoichiometric two-electron chemistry. Initial studies focused on the reactivity of the low-valent cobalt 
complexes with simple molecules such H2. The results from these studies may provide insights into the 
ability of the cobalt complex to undergo oxidative addition, akin to the two-electron chemistry observed 
in Vaska’s complex, IrCl(CO)(PPh3)3 (PPh3 = triphenyl phosphine)9,36 and Wilkinson’s catalyst, RhCl(PPh3)3 
with H2.37,38 Based on the mechanistic insights gleaned from such reactivity studies, the application of the 
cobalt complexes in the catalytic hydrogenation of carbon-carbon multiple bonds were envisioned and 
subsequently carried out. 
 In the ensuing mechanistic studies of the catalytic hydrogenation of carbon-carbon and carbon-
nitrogen multiple bonds (vide infra) using the cobalt complexes, we turned our attention to using 
parahydrogen induced polarization (PHIP) transfer NMR spectroscopy.  PHIP transfer NMR spectroscopy 
has been used widely used to study catalytic hydrogenation reactions using homogenous transition metal 
compounds and for the detection of intermediates involving metal-hydride complexes using p-H2.39 Due 
to the intrinsic requirements for the observation of 1H NMR signals (vide infra) arising from p-H2 addition 
Figure 1.1 (MesCCC)Co pincer platform to study two-electron reactivity. 
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onto a metal complex, as in the formation of a M-(H)2, or in the catalytic addition of p-H2 to a unsaturated 
bond, such as in the hydrogenation of an olefin via transition metal catalyst, PHIP transfer NMR 
spectroscopy provides a powerful tool to study the stochiometric and catalytic reactivity of  MesCCC cobalt 
complexes with H2. Moreover, this technique allows us to make direct comparisons between the 
mechanistic pathways (oxidative addition, migratory insertion and reductive elimination) invoked in the 
hydrogenation catalysis of homogenous rhodium(I) complexes40-43 and the MesCCC-Co system. 
 
1.4 Mechanistic studies involving PHIP NMR spectroscopy 
 PHIP transfer NMR spectroscopy studies involve the use of p-H2 in lieu of the “normally occurring” H2. 
The H2 molecule exists as two different nuclear spin isomers, p-H2 (25%) is the antisymmetric isomer, αβ-
βα, and orthohydrogen, o-H2, (75%) is the symmetric isomer with nuclear spin configurations αα, ββ and 
αβ+βα (Figure 1.2).44,45 To use PHIP transfer NMR to study the catalytic hydrogenations with the MesCCC 
cobalt complexes, the percentage of the p-H2 isomer must be increased by converting o-H2 to p-H2. 
Because of the differences in the rotational state symmetry between the two H2 spin isomers, p-H2 is 
inherently more stable because it accesses lower energy rotational states than o-H2.46 At lower 
temperatures the equilibrium between the two spin-isomers is shifted toward p-H2, however the 
conversion between the two isomers can only occur by an interaction of H2 with a paramagnetic catalyst 
or impurity, such as O2, since the interconversion between the two spin states would involve both a 
rotational and a nuclear spin state change, which is spin forbidden.46  
 In our studies, hydrogen gas was converted to the p-H2 spin isomer using a para-H2 converter 
developed by the McCall group.47 At temperatures around 15K using a closed-cycle helium cryostat, 
hydrogen gas was passed over the hydrous ferric oxide catalyst resulting in the conversion of p-H2 to 
99%.47 Based on the p-H2 to o-H2 back conversion measurements by McCall and coworkers,47 the p-H2 was 
stored in a lecture bottle and subsequently used in the PHIP NMR studies within 2 months of being 






Figure 1.2 Spin isomers of dihydrogen. 
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 For the effects of PHIP to be observed by NMR spectroscopy, the symmetry of p-H2 must be broken 
first because p-H2 by itself is silent toward characterization by 1H NMR spectroscopy since the two nuclear 
spins in each H atom are aligned in the opposite direction, whereas, the opposite is true for o-H2 (Figure 
1.2).48,49 Moreover, the addition process of p-H2 in hydrogenation reactions or addition to a metal center 
must occur in a pairwise manner to magnetically distinct positions, while maintaining the spin correlation 
of p-H2 in the product or the resulting M(H)2 species.48,49 Furthermore, the addition process must occur 
faster than the relaxation period of the added hydrogen atoms.  For these reasons the choice of the 
Figure 1.3 Photograph of the parahydrogen generator used to convert H2 to p-H2 (99.99%). 
H2 source 
Helium cryostat 
hydrous ferric oxide 
catalyst 
Figure 1.4 Oxidative addition of p-H2 onto IrCl(CO)(PPh3)2 (left) and resulting 1H NMR spectrum of the 
upfield region (right) in toluene-d8.  
1H NMR spectrum – toluene-d8 
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transition metal complex used to carry out the hydrogenation reactions is important.48,49 When the 
conditions are met, such in the concerted oxidative addition of p-H2 onto IrCl(CO)(PPh3)3, antiphase 
resonances in the 1H NMR spectrum are observed (Figure 1.4).   
 The photochemical reaction of (dppe)M(CO)3 with p-H2 yielded PHIP effects for the hydride signals in 
the 1H NMR spectrum of M = Ru (Figure 1.5, top), but not M = Fe (Figure 1.5, bottom). The differing 
behavior is related to the spin state of the (dppe)M(CO)2 intermediates: (dppe)Fe(CO)2 adopts a triplet 
ground state, whereas a singlet ground state remains in (dppe)Ru(CO)2.24 When p-H2 is added to the 
irradiated 16-electron iron complex (S =1), no signal enhancement is observed because of the longer 
reaction time needed arising from the spin crossover to produce an S = 0 iron center and loss of spin 
encoding.24,50  The ruthenium complex maintains a singlet state (S = 0) throughout the hydrogenation 
process, and spin encoding remains throughout, which results in the observation of antiphase signals in 
the 1H NMR spectrum from the added p-H2 molecule on the metal center.24  














Possible spin population of 
M(H)2 from the added p-H2















Figure 1.6 Spin populations of p-H2 (left), the spin configurations of an AX system that are populated 
(middle) and the resulting 1H NMR spectrum (right). 
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The antiphase 1H NMR signals in the products of hydrogenation using p-H2 arise because of the non-
Boltzmann distribution of spin populations in the product. For example, when the oxidative addition of H2 
(consisting of both p-H2 and o-H2) following the conditions stated above to a metal center occurs, all four 
possible spin states of the product are equally populated, and only the differences between the Boltzmann 
governed spin populations energy levels are observed by 1H NMR spectroscopy (Figure 1.6). When purely 
p-H2 is used in the hydrogenation reaction, only the αβ or βα spin states are populated in the resulting 
product, therefore a non-Boltzmann distribution of spins is observed, and intense antiphase 1H NMR 
signals result from those population differences39 (Figure 1.7).  
 The magnetic field at which the hydrogenation occurs is also evident in the resulting 1H NMR 
spectrum.51 When the symmetry of p-H2 is broken at high field, such as inside the NMR spectrometer 
(Figure 1.8, middle), four antiphase signals separated by the coupling constant between the protons 
arise.49  This effects is known as Parahydrogen And Synthesis Allow Dramatically Enhanced Nuclear 
Alignment (PASADENA).49 When the symmetry of the p-H2 molecule is broken at low magnetic field, such 
as Earth’s magnetic field, and the sample is subsequently transferred to the strong magnetic field, only 
the lower energy βα spin isomer is populated (Figure 1.8, right). In this case, Adiabatic Longitudinal 
Transport After Dissociation Engenders Net Alignment (ALTADENA) is observed and only 2 antiphase 
signals are observed.52  
 In 1987 Weitekamp and coworkers reported the first 1H NMR showcasing the antiphase resonances 
arising from the parahydrogenation of acrylonitrile using Wilkinson’s catalyst.49 Only a few months later, 
Eisenberg and coworkers reported on the hyperpolarization of styrene resulting from the hydrogenation 
Figure 1.7 Spin populations of H2 (left), the spin configurations of an AX system that are populated 
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of phenylacetylene using [Rh3Cl2H2(CO)2((Ph2PCH2)2-PPh)2]+ or Pd2Cl2(PPh2PCH2PPh2)2 as the catalyst and 
p-H2.51 Furthermore, in their studies, Eisenberg and coworkers demonstrated that the oxidative addition 
of p-H2 onto IrX(CO)dppe (X = CN and Br; dppe = 1,2-bis(diphenylphosphino)ethane) generates 
hyperpolarized 1H NMR resonances assigned to the  cis-dihydride ligands on the iridium center. 
Interestingly, in their studies, H2 was converted to 50% p-H2 by allowing their reaction mixture stand under 
an H2 atmosphere in liquid nitrogen for at least 8 hours.51 While the percentage of p-H2 is increased using 
this method via the slow exchange of the gas phase H2 with the transition metal complexes in their studies, 
conversion of H2 to p-H2 is typically carried out before introducing the enriched gas to the reaction system 
of study.  
 These pioneering studies laid the foundation showing that PHIP transfer NMR spectroscopy is 
powerful technique to study the heterogenous53-57 and homogenous39,58-61 catalytic hydrogenation of 
organic substrates, H2 reactivity with transition metal complexes and even more recently metal free 
compounds.62,63 Mechanistic studies with PHIP have mainly centered on rhodium and iridium complexes39 
but have also expanded to include systems featuring palladium,51,61,64 platinum,65,66 and ruthenium24,60,67,69 
metal centers. Early transition metal complexes such as tantalum69 and tungsten70 have been 
demonstrated to react with p-H2 in a pairwise manner yielding hyperpolarized 1H NMR resonances. PHIP 
transfer NMR studies using late first-row transition metals remains limited.71,72 Duckett and coworkers 
have used PHIP transfer NMR spectroscopy to elucidate key reaction intermediates in the cobalt-catalyzed 
Figure 1.8 Spin configurations populated in an AX system using H2 (top left), p-H2 at high-field (top 
middle) and p-H2 at low-field (top right). The resulting 1H NMR spectra are shown below. 
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hydroformylation of alkenes.71,72 Unlike the previous PHIP NMR studies with iron carbonyl phosphine 
complexes,24 the cobalt hydroformylation system demonstrated that with the appropriate strong-field 
ligands around the metal center, the spin-correlation of p-H2 can be maintained throughout the catalytic 
process.  
 Herein, the synthesis and characterization of cobalt derivatives of the MesCCC pincer ligand platform 
in the +1, +2 and +3 oxidation states are described.  The reactivity of low-valent complexes towards 
dihydrogen resulted in a nonclassical coordination mode of H2 to the metal center. Further studies, 
showed Co(I)-(H2) facilities the scrambling of H2 and D2 and is proposed to involve a two-electron redox 
event at the metal center. The competency of the Co-(H2) complex towards the catalytic hydrogenation 
of carbon-carbon multiple bonds was also investigated. The hydrogenation of alkynes resulted in the 
selective formation of E-alkenes. Multinuclear and PHIP transfer NMR spectroscopic studies were 
employed to elucidate catalytically relevant intermediates in the hydrogenation process and based on 
these studies, a Co(I)/Co(III) redox process was proposed to be operative. Additionally, the selectivity for 
E-alkenes was found to arise from the cis-hydrogenation of the alkyne, followed by trans-isomerization 
under an H2 atmosphere. In pursuit of using an air-stable Co(III) precatalyst for the selective hydrogenation 
of nitriles to primary amines, the in situ activator (NaHBEt3), generated the catalytically active species and 
the resulting BEt3 was found to be vital to the observed catalysis, acting as a Lewis acid.  Mechanistic 
studies stemming from PHIP transfer NMR studies suggested a Co(I)/Co(III) redox cycle was also operative 
in nitrile hydrogenation. The viability of the low-valent (MesCCC)Co complex to hyperpolarize 1H and 13C 
NMR signals in the hydrogenation products of butyl, ethyl and methyl acrylate using p-H2 is discussed.  
Comparisons of the carboxylate 13C signal enhancement of ethyl propionate using [(dppb)Rh(COD)]BF4 
and (MesCCC)Co-py, demonstrated that the hyperpolarization efficiency using the cobalt complex is 
comparable with the rhodium system. Lastly, stoichiometric oxidative addition and reductive elimination 
chemistry with the MesCCC ligand platform demonstrate the viability of a Co(I)/Co(III) redox couple in the 
proposed catalytic hydrogenation reactions.   
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF LOW-SPIN COBALT(I-III) COMPLEXES FEATURING 
A CCC-PINCER BIS(N-HETEROCYCLIC CARBENE) LIGAND†  
 
2.1 Introduction 
 Generally speaking, the incorporation of electron-rich ligands into pincer complexes of the late first-
row transition metals has supported a wide variety of noteworthy catalytic and stoichiometric reactivity. 
In the case of PNP (PNP = bis(phosphine) pyridine),1 tBuPNP (tBuPNP = (tBu2PCH2SiMe2)2N-)2 and HPNP (HPNP 
= HN(CH2CH2PiPR2)3 cobalt complexes, the oxidative addition of H2 was favorable and the resulting 
products were amenable toward crystallographic characterization. Furthermore, these complexes were 
employed for inert C−H bond activation,1 hydrogenation of olefins1,2 and activation of a phenylsilane2 and 
these processes are thought to proceed through 2 electron oxidative addition.  In this regard, the 
development of electron-rich pincer cobalt complexes bearing strongly-donating N-heterocyclic carbene 
ligands was pursued to build upon the two-electron paradigm for cobalt.  
2.2 Preparation of [H3(MesCCC)]Cl2  
 Prior to metalation and studying the subsequent proposed two-electron redox processes with the 
new cobalt complexes, the ligand precursor, [H3(MesCCC)]Cl2 (Mes = bis(2,4,6-trimethylphenyl- 
benzimidazol-2-ylidene)phenyl), to support such reactivity, was synthesized following a modification of 
the synthetic procedure reported by Chianese and coworkers4 (Figure 2.1). Using Pd(PPh3)4 in place of 
Pd2(dba)3 for the two sequential Buchwald-Hartwig amination steps increased the overall yield of the 
tetraamine product to 89% from the reported 55% and one column chromatography purification step was 
circumvented. Following the cyclization of the tetraamine in triethylorthoformate in the presence of 
excess hydrochloric acid, the imidazolium salt was isolated as an off-white solid.  While the 1H NMR of the 
imidazolium salt matched the published data, resonances corresponding to water and unidentified 
contaminants were also observed in the 1H NMR spectrum, indicating the ligand precursor required 
additional purification steps before metalation with cobalt was attempted. The crude mixture was 
dissolved in dichloromethane and placed under 4 Å molecular sieves for 24 h to remove the residual 
water. After filtration, copious amounts of hexanes were added to the dichloromethane solution, resulting 
in the precipitation of a white solid, which was subsequently isolated in in 77% yield. Characterization of 
                                                          
† Portions of this chapter are reproduced from the following publications with permission from the authors. (1) Ibrahim, A. D.; 
Tokmic, K.; Brennan, M. B.; Kim, D. Matson, E. M.; Nilges, M. J.; Bertke, J. A.; Fout, A. R. Monoanionic bis(carbene) pincer 
complexes featuring cobalt(I-III) oxidation states. Dalton Trans. 2016, 45, 9805-9811. (2) Tokmic, K.; Markus, C. R.; Zhu, L.; Fout, 
A. R. Well-Defined Cobalt(I) Dihydrogen Catalyst: Experimental Evidence for a Co(I)/Co(III) Redox Process in Olefin 
Hydrogenation. J. Am. Chem. Soc. 2016, 138, 11907-11913.  
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the white product, [H3(MesCCC)]Cl2, by 1H NMR spectroscopy in CDCl3 only displayed resonances 
corresponding to the desired product. 
 
2.3 Synthesis and characterization of (MesCCC)CoCl2py 
 With the purified ligand precursor in hand, several approaches to install cobalt onto the ligand 
platform were investigated. To accomplish this task, the cleavage of three C−H bonds was required. The 
two imidazolium protons of the ligand precursor can be readily deprotonated by the addition of an 
appropriate base to generate the two N-heterocyclic carbenes, while the selective activation of the central 
C−H bond requires an electrophile.5 Metalation of [H3(MesCCC)]Cl2 with iridium was successfully 
accomplished by the in situ deprotonation of the imidazolium protons using excess base, followed by the 
addition of an iridium(I) source.4  Following this strategy, 2 equivalents of lithium hexamethyldisilazide 
(LiN(SiMe3)) were used to deprotonate the imidazolium protons in situ, followed by addition of a cobalt(I) 
source ((PPh3)3CoCl or (PPh3)2CoN(SiCH3)2).6 This strategy, however, led to the formation of mixtures, 
which proved difficult toward characterization and, thus, alternative routes toward metalation were 
pursued. 
 Metalation of a related CCC pincer platform, [H3(DIPPCCC)]Cl2 (DIPP = bis(2,6-diisopropylphenyl-
benzimidazol-2-ylidene)phenyl), employing nickel salts featuring multiple equivalents of an internal base, 
Figure 2.1 Synthesis of [H3(MesCCC)]Cl2. 
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dichlorotetrakis(pyridine) nickel(II), and 2 equivalents of LiN(SiMe3), proved to be an effective strategy for 
placing a base metal in the electron-rich ligand system.7    To this end, a similar strategy was attempted 
toward the metalation of [H3(MesCCC)]Cl2 by using 2 equivalents of LiN(SiMe3), dichlorotetrakis(pyridine) 
cobalt(II) and one equivalent of an oxidant, ClCPh3, in the effort to furnish a low-spin cobalt(III) species.  
While this protocol proved to be successful, the low yields (<50%) of the target complex encountered 
upon isolation regarded this approach synthetically ineffective.  
 In effort to improve the metalation protocol of the imidazolium salt, other cobalt sources featuring 
internal bases to generate the desired complexes were explored. Work by Hollis and coworkers5,8,9 
demonstrated that the use of group 4 metal amido complexes, tetrakis(dimethylamido)metal(IV) (M = Ti, 
Zr, Hf), resulted in the successful preparation of (BuCCC)MX3 (M = Ti, Zr, Hf; X = NMe2, I, Cl; Bu = n-butyl).  
Following the metalation procedure utilized by Danopoulos and coworkers10 for the preparation of related 
CNC (CNC = 2,6-bis(arylimidazol-2-ylidene), aryl = 2,6-Pri2C6H3) cobalt bis(carbene) complexes, a derivative 
of cobalt(II) amido complex, [Co(N(SiMe3)2)]2,11,12 Co(N(SiMe3)2)(py)213 was selected as the metalating 
agent. 
 A sequential treatment of a suspension of [H3(MesCCC)]Cl2  and LiN(SiMe3) in THF with 
Co(N(SiMe3)2)(py)2 and ClCPh3, followed by stirring of the mixture at room temperature for 18 h, resulted 
in the formation of a green solution (Scheme 2.1).  Following workup, the product, (MesCCC)CoCl2py, was 
isolated as a green solid in excellent yield (93%).  Characterization of (MesCCC)CoCl2py in CDCl3 by 1H NMR 
spectroscopy revealed the disappearance of the singlet at 12.17 ppm corresponding to the 
benzimidazolium protons of the ligand precursor and the formation of a diamagnetic C2-symmetric Co(III) 
compound with 12 resonances assigned to the target complex (Figure 2.2). Two singlets in the upfield 
region integrating to 12H and 6H, respectively, were located at 1.83 and 2.19 ppm, corresponding to the 
mesityl methyl moieties of the flanking aryl substituents.  The remaining resonances integrating to 20H 
between 6.52 and 8.79 ppm were assigned to the aryl backbone of the CCC ligand and the bound pyridine 
ligand.  Additional characterization of (MesCCC)CoCl2py by 13C NMR spectroscopy showed signals at 195.74 
and 151.33 ppm (CNHC and CAr carbons, respectively) are shifted from those of analogues cobalt complex 
with a ligand derivative14 featuring 2,6-diisopropylphenyl flanking groups, (DIPPCCC)CoCl2py, but are 
consistent with the previously reported nickel complex.7 
 To support the assignment of (MesCCC)CoCl2py by 1H NMR spectroscopy, single crystals suitable for X-
ray structure determination were grown from a concentrated solution of a 1:1 mixture of chloroform and 
benzene.  The cobalt center adopts an octahedral geometry with the chloride ligands bound trans to each 
other in the apical position of the CCC-pincer framework and the pyridine ligand bound trans to the Co-
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CAr bond in equatorial plane (Figure 2.6, Table 2.1 and 2.3).  The two Co–CNHC bond lengths of 1.961(4) and 
1.958(4) Å, are comparable to those of (DIPPCCC)CoCl2py (1.981(2) and 2.000(2) Å),14 (CNC)CoBr3 (1.962(7) 
and 1.962(7) Å), reported by Danopoulos and coworkers10 and within the range reported for Co(III)–CNHC 
bonds, 1.815 Å–2.012 Å.15,16  Similarly, the Co–CAr bond length of 1.871(4) Å is within the range of Co(III)–
CAr bonds, which range from 1.845–2.057 Å,14,17 but are shorter than the bond length, (1.937(1) Å, for the 
analogous CoIII species, (PCPMe-iPr)CoCl2 (PCP = N,N′-bis(diisopropylphosphino)-N,N′-dimethyl-1,2-
diaminobenzene),18 likely as a result of the more rigid CCC ligand framework. The Co–Cl bond lengths, 
2.2751(13) and 2.2651(12) Å, are similar to those found in (DIPPCCC)CoCl2py (2.2787(6) and 2.3175(6) Å)14 
and both fall within the regime of recently reported Co(III) complexes featuring an anionic Co–CAr linkage, 
2.229–2.429 Å.19,20 Finally, the CAr–Co–Npy and CAr–Co–Cl bond angles, 179.13(16) and 90.11(12)°, signify 
a nearly idealized octahedral geometry at cobalt and are within error of the same bond angles present in 
(DIPPCCC)CoCl2py.14  
 Monoanionic pincer ligands containing a Co-CAr linkage are rare.  The report of 
(C6H3(CH2NMe2)2)CoClpy by Van Koten and coworkers21 in 1986 was one of the first reported examples of 
cobalt pincer complexes featuring a meridional ECE pincer ligand (E = donor group). It was not until 19 
years later until the second example of a ECE-cobalt pincer complex was reported.20  More recently, 
Nishiyama and coworkers reported the synthesis of NCN–Co complexes containing bis-
Scheme 2.1 Synthesis of (MesCCC)CoCl2py. 
Figure 2.2 1H NMR spectrum of (MesCCC)CoCl2py. 







(oxazolinyl)phenyl(phebox) as auxiliary ligands.17 Similarly, the work of Sun,22 Heinekey,23 Wass,24 and 
Kirchner18,25  has been instrumental in establishing facile synthetic protocols to cobalt complexes featuring 
monoanionic PCP pincer ligands.  Finally, work by Hollis and coworkers26 established a supplemental route 
toward the synthesis of CCC-NHC pincer cobalt complexes via transmetalation from CCC-NHC zirconium 
complexes.  Nevertheless, due to the difficulty in metalating these ligands with first-row transition metals 
such compounds remain largely underexplored.  
 
2.4 Synthesis and characterization of (MesCCC)CoClpy 
Interested in examining if lower-oxidation-state cobalt complexes could be accessed and stabilized by 
the CCC-pincer platform, the preparation of a Co(II) derivate was carried out. The addition of half of an 
equivalent a two-electron reductant, 9,10-dihydro-9,10-anthracendiyl-tris(THF)magnesium, to a THF 
solution containing (MesCCC)CoCl2py resulted in the formation of an orange solid, (MesCCC)CoClpy, albeit in 
low-crystalline yield, 28% (Scheme 2.2).  Characterization of (MesCCC)CoClpy by 1H NMR spectroscopy 
proved ineffective due the paramagnetic nature of species and only residual solvent resonances were 
discerned. The complex was thus considered to be NMR silent, which is distinct from the broaden, but 
discernable 1H NMR resonances observed in (DIPPCCC)CoCl2py.14  
 In efforts to understand the electronic structure of the paramagnetic complex, (MesCCC)CoClpy, EPR 
spectroscopy was employed. The X-band EPR spectrum of crystalline (MesCCC)CoClpy obtained from a 1:1 
toluene : THF glass at 77 K is depicted in Figure 2.3. The EPR parameters for (MesCCC)CoClpy (gx = 2.380, gy 
= 2.259, and gz = 1.985) are consistent with the expected low-spin d7 S = 1/2 molecule,27 given the strongly 
donating monoanionic bis(N-heterocyclic carbene) ligand. Additionally, the hyperfine interaction to the 
59Co nucleus (S = 7/2) is not the sole contributor to the hyperfine coupling observed (ACo (x,y,z) = 224 MHz, 
132 MHz, 355 MHz). Superhyperfine coupling to the 35Cl and 37Cl (S = 3/2) nuclei was also observed 
(ACl(x,y,z) = 10 MHz, 10 MHz, 41 MHz).   
 Intriguingly, a comparison of EPR parameters to (DIPPCCC)CoCl2py (gx = 2.259, gy = 2.215, and gz = 1.995; 
ACo (x,y,z) = 9 MHz, 7 MHz, 266 MHz)14 revealed notable differences between the two ligand variants. 
Scheme 2.2 Synthesis of (MesCCC)CoClpy. 
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Unlike the EPR spectrum of (MesCCC)CoClpy, the EPR spectrum of (DIPPCCC)CoCl2py14 revealed weakly 
resolved superhyperfine coupling interactions to the 14N nuclei (AN (x,y,z) = 24 MHz, 27 MHz, 31 MHz).  
Moreover, no resolved superhyperfine coupling to the 35Cl and 37Cl nuclei in (DIPPCCC)CoCl2py14 was 
observed.  Such differences between the ligand variants may be linked to the spatial orientation of the 
chloride ligand.  In the case of (MesCCC)CoClpy, it is likely that the chloride ligand binds trans to the Co–CAr 
bond in the solution state, in contrast to its apical position in the solid state, while (DIPPCCC)CoCl2py14 
maintains the structure observed in the solid state.   
 To unambiguously identify the structure of (MesCCC)CoClpy, crystals suitable for X-ray diffraction 
studies from a saturation solution of the target complex in THF at room temperature. Crystallographic 
characterization of (MesCCC)CoClpy confirmed the formation of the target complex, revealing a square 
pyramidal geometry (τ = 0.13) about a Co(II) center with the chloride ligand occupying the apical position 
(Figure 2.6, Table 2.1 and 2.3). The two Co–CNHC bond lengths of 1.948 (3) and 1.930(3) of (MesCCC)CoClpy 
are very similar to those reported for [trans-(CNC)Co(κ1-CF3-SO3)2(py)], 1.942(6) and 1.941(6) Å,10 and 
Figure 2.3 EPR spectra of (MesCCC)CoClpy recorded in toluene : THF (1 : 1) glass at 77 K. EPR parameters 
for (MesCCC)CoClpy (1.60 × 103 gain; 4.00 G modulation amplitude; 20.00 dB power; microwave 
frequency = 9.2907 GHz). 








typical for Co(II)–CNHC bonds (1.845–2.127 Å).29 In contrast, the Co–CAr bond length of 1.872(3) Å is 
noticeably shorter than typical Co(II)–CAr bonds reported in the literature (1.9020–2.0570 Å)29-31 and 
shorter than those observed in the [Co(II)(PCPMe−iPr)] complexes recently reported by Kirchner and 
coworkers (1.919 to 1.953 Å)18 or the RPOCOPRCo(I) complex reported by Heinekey (1.924(4) Å).23 The Co–
Cl bond length of 2.4561(10) Å also differ considerably from the bond lengths in the [Co(II)(PCPMe−iPr)]18 
and [Co(PCP–tBu)Cl]25 complexes (2.234(1)–2.3103(4) Å) and 2.260(1) Å, respectively. Furthermore, the 
pyridine ligand lies in the basal position with a Co–Npy bond length of 2.011(3) Å, in contrast to the apical 
position of the pyridine ligand observed in the analogous PCP system (Co–N: 2.1417(8) Å).18 Finally, the 
CAr–Co–Npy and Cl–Co–Npy bond angles (166.81(13)° and 96.58(9)°) are distorted from an idealized square 
pyramidal geometry, as indicated by the τ5 parameter,28 but similar to those reported for (PCPMe-
iPr)Co(py)Cl (166.89(3)° and 96.28(3)°).18 
 
2.5 Electrochemical studies of (MesCCC)CoClpy 
 Seeking to investigate the accessibility of a Co(I) derivative of the MesCCC ligand platform, the 
electrochemical properties of (MesCCC)CoClpy were studied using cyclic voltammetry (Figure 2.4).  The 
study was carried out in a 1 mM solution of (MesCCC)CoClpy in acetonitrile with 0.1 M [NBu4][PF6] as 
electrolyte. At a scan rate of 100 mV s−1, a single reversible redox event assigned to the Co(II)/Co(I) redox 
couple was observed in the window between −1.1 and −1.9 V with an E1/2 at −1.56 V vs. Fc/Fc+, 
respectively. The cyclic voltammogram suggests that the Co(II) species may be amenable to chemical 
reduction with an appropriate reducing agent. 
 
Figure 2.4 Cyclic voltammogram of (MesCCC)CoClpy in acetonitrile at 100 mVs-1. Conditions: 1 mM 




2.6 Synthesis and characterization of (MesCCC)Co(N2)(PPh3) 
 Encouraged by these results and interested in the synthesis of low-valent complexes featuring the 
MesCCC ligand platform, the chemical reduction of (MesCCC)CoClpy was carried out.  Initial effort to achieve 
this goal applied the same approach used to prepare (MesCCC)CoClpy. Following the procedure employed 
for the one-electron reduction of (DIPPCCC)CoClpy,14 the addition of half an equivalent of 9,10-dihydro-
9,10-anthracendiyltris(THF)magnesium to (MesCCC)CoClpy yielded a brown solution. Characterization of 
the brown solid by 1H NMR spectroscopy revealed broadened resonances, however sufficient information 
in the 1H NMR spectrum to identify the compound was not present.  The use of alternative reducing 
agents, such sodium amalgam provided the same result. Given the isolation and extensive 
characterization of a square planar Co(I) dinitrogen compound with the diisopropyl variant of the ligand 
platform, (DIPPCCC)Co(N2),14 IR spectroscopy was employed in order to assay the presence of a dinitrogen 
ligand. Characterization of the brown solid by IR spectroscopy did not reveal absorptions corresponding 
to a coordinated dinitrogen ligand. Nevertheless, the possibility of a symmetric dimer bridging N2 cannot 
be ruled out given that examples of these arrangements have been reported.32-37 On this basis, it was 




1H NMR spectrum – C6D6 
Mes-CH3 
Figure 2.5 1H NMR spectrum of (MesCCC)Co(N2)(PPh3). 
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reasoned that the addition of PPh3 to a presumably 16-electron compound would likely provide a 
monomeric and diamagnetic species amenable to further characterization. Upon addition of PPh3 the 
formation of a dark red solution was observed, and following workup, (MesCCC)Co(N2)(PPh3) was isolated 
as red solid in good yields  (73%, Scheme 2.3).  
 Although the yield of the reduction was impressive, improvements to the long reaction time and use 
of mercury were considered disadvantageous toward the future reactivity studies of the low-valent 
complex. To this end, the use of an alternative reducing agents, such as KC8, was investigated.  Employing 
KC8 in lieu of Na/Hg resulted in the isolation of the target complex, (MesCCC)Co(N2)(PPh3), in improved 
yields, 88%,  and shorter reaction time.  
 Characterization of the red solid by 1H NMR spectroscopy confirmed the formation of a diamagnetic 
species, consistent with the predicted cobalt(I) product, (MesCCC)Co(N2)(PPh3).  The presence of 12 
resonances in the 1H NMR spectrum (Figure 2.5), shifted from (MesCCC)CoCl2py, indicated a Cs symmetric 
complex and the presence of triphenyl phosphine.  Resonances in the aryl region, shifted from those of 
free triphenylphosphine, further corroborate this assignment. 1H NMR resonances located at 1.66, 2.00 
Scheme 2.4 The interconversion between Co(III), Co(II), and Co(I) oxidation states of the MesCCC pincer 
(top) and the corresponding color of the complexes in solution (bottom). 
(MesCCC)CoCl2py (MesCCC)CoClpy (MesCCC)Co(N2)(PPh3) 
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and 2.01 ppm and integrating to 6H each, were assigned to the methyls of the mesityl moiety.  
Characterization by 31P NMR spectroscopy revealed no resonances, likely attributed a broaden signal 
arising from the coupling of the phosphorous ligand to the 59Co nucleus (I = 7/2, 100% abundance).  
Table 2.1 Selected bond distances and angles for (MesCCC)CoCl2py, (MesCCC)CoClpy, and 
(MesCCC)Co(N2)(PPh3). 
 
 (MesCCC)CoCl2py (MesCCC)CoClpy (MesCCC)Co(N2)(PPh3) 
Bond Distances (Å)    
Co – C1 1.961(4) 1.948(3) 1.9147(13) 
Co – C13 1.871(4) 1.872(3) 1.8750(13) 
Co – C20 1.958(4) 1.930(3) 1.9001(13) 
Co – Cl1 2.2751(13) 2.4561(10) N/A 
Co – Cl2 2.2651(12) N/A N/A 
Co – N 2.090(3) 2.011(3) 1.8270(12) 
Co – P N/A N/A 2.2483(4) 
N – N N/A N/A 1.1005(16) 
Bond Angles (°)    
C13-Co-N5  179.13(16) 166.81(13) 157.89(5) 
C1-Co-C13 80.29(18) 96.60(10) 79.14(5) 
C13-Co-C20 80.44(18) 79.53(13) 79.21(5) 
C1-Co-C20 160.73(17) 159.07(13) 152.73(4) 
C1-Co-Cl 173.28(5) N/A N/A 
N5-Co-P N/A N/A 106.68(4) 
Figure 2.6 Molecular structures of (MesCCC)CoCl2py, (MesCCC)CoClpy, and (MesCCC)Co(N2)(PPh3) with 
50% probability ellipsoids. Solvent molecules and hydrogen atoms have been omitted for clarity. 
(MesCCC)CoCl2py (MesCCC)CoClpy (MesCCC)Co(N2)(PPh3) 
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 Additional characterization of (MesCCC)Co(N2)(PPh3) by IR spectroscopy revealed an intense 
absorption at 2112 cm-1, indicative of a weakly activated dinitrogen ligand bound to the 18-electron cobalt 
complex. A comparison to the N2 absorption (2117 cm-1) found in the diisopropyl analogue, 
(DIPPCCC)Co(N2)(PPh3), suggests the mesityl and diisopropyl ligand derivatives impart a similar electronic 
effect on the metal center, with the mesityl ligand analogue being slightly more electron-rich.  
Furthermore, differences in reactivity between two ligands derivatives likely arises due to steric factors.  
 It was hypothesized that the presence of the dinitrogen ligand along with the steric demands of the 
triphenylphosphine moiety would ensure the formation of a monomeric complex.  Molecular structure 
determination of single crystals suitable for X-ray diffraction studies of (MesCCC)Co(N2)(PPh3) confirmed 
this hypothesis.  The cobalt center adopts a square pyramidal geometry (τ = 0.09)28 with the N2 ligand 
bound trans to the Co-CAr bond (Figure 2.6, Table 2.1 and 2.4). The two Co–CNHC bond lengths of 1.9147(13) 
and 1.9001(13) Å and the Co–CAr bond length of 1.8750(13) Å are comparable to those of complex 
(DIPPCCC)Co-N2.14 Similarly, the N2 bond length of 1.100 5(16) Å indicated a largely unactivated dinitrogen 
ligand in agreement with the IR stretch observed for the complex. (MesCCC)Co(N2)(PPh3) represents a rare 
example of a five coordinate, mononuclear cobalt complex featuring a dinitrogen ligand. There have been 
only nine examples reported in the CSD thus far, eight of which feature phosphine ligands.37-43  
 As depicted in Scheme 2.4, the interconversion of these molecules was readily achieved by using 
stoichiometric one electron oxidation or reduction agents. Oxidation of the Co(I), (MesCCC)Co(N2)(PPh3), 
to the Co(II), (MesCCC)CoClpy, analogue was accomplished by the addition of pyridine and one equivalent 
of ClCPh3 as the oxidant and subsequent formation of Gomberg’s dimer. The addition of one equivalent 
of ClPh3 to the Co(II), (MesCCC)CoClpy, furnished the Co(III), (MesCCC)CoCl2py, and the subsequent 
formation of Gomberg’s dimer.  
2.7 Synthesis of (MesCCC)Co(CO)2  
 Comparison between the (ArCCC)Co(N2)(PPh3) (Ar = Mes and DIPP) dinitrogen stretching frequencies 
via IR spectroscopy suggested the mesityl analogue of the ligand is slightly more electron-rich than the 
diisopropyl derivative. Seeking to further examine the ArCCC ligand influences on the metal center, the 
synthesis of cobalt-carbonyl complexes was investigated.  Since the C≡O IR stretching frequency correlates 
well with the donor-strength of the metal center, as in the case of widely studied phosphine ligands using 
the Tolman electronic parameter,44 these studies would provide an additional parameter to probe the 
electronic effects of the two derivatives of the ArCCC pincer ligands examined in our group.  To this end, 
(MesCCC)CoCl2py was reduced following the previously mentioned protocol using 2 equiv of KC8 and CO (1 
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atm) was added to the reduced species (Scheme 2.5). Following workup, the yellow solid, (MesCCC)Co(CO)2, 
was isolated in 96% yield. 
 Characterization of (MesCCC)Co(CO)2 by 1H NMR spectroscopy in C6D6 revealed 8 resonances, 
consistent with a low-spin complex. One singlet integrating to 18H in the aliphatic region at 1.95 ppm was 
assigned to mesityl methyl groups.  Additional resonances integrating to 15H between 6.5 ppm and 7.9 
ppm were assigned to the aryl backbone of the CCC ligand. The 13C NMR spectrum showed signal for the 
bound CO ligand at 207.4 ppm.  Furthermore, the presence of 17 additional resonances in the 13C NMR 
spectrum are consistent with the proposed complex.  
 Characterization of (MesCCC)Co(CO)2 by single crystal X-ray diffraction established the identity of the 
compound.  Yellow crystals suitable for analysis were grown from a saturated solution of the target 
complex in THF at -35 oC, confirming the addition of two carbon monoxide ligands, resulting in the 
formation of a five-coordinate species with a distorted-trigonal-bipyramidal geometry (τ = 0.55)28 about 
the metal center (Figure 2.7 and Table 2.2 and 2.4). The two Co-CNHC bond distances of 1.9119(15) Å are 
similar to those found in (MesCCC)Co(N2)(PPh3) and the Co-CAr bond length, 1.910(2) Å, of (MesCCC)Co(CO)2 
is slightly elongated compared to (MesCCC)Co(N2)(PPh3). The Co-CAr bond distance is shorter than the bond 
lengths for analogues cobalt(I) dicarbonyl PCP pincer complexes reported by Kirchner,25 Heinekey45 and 
Wass,24 likely as result of the increased rigidity of the CCC ligand backbone compared to the PCP systems.  
The Co-CCO bond lengths, 1.7776(19) Å, falls within the range of reported cobalt(I) dicarbonyl complexes, 
1.743(2)-1.799(2) Å.24,25,45  
 Additional characterization of (MesCCC)Co(CO)2 by IR spectroscopy revealed two intense absorption 
bands at 1918 cm-1 and 1973 cm-1 corresponding to the CO stretching frequencies.  These values are at 
lower energy compared to the diisopropyl derivative of the ligand system, (DIPPCCC)Co(CO)2 (1939 cm-1 and 
1992 cm-1, respectively), indicating the mesityl derivative of the metal complex imparts stronger back-
donation from the metal to the carbonyl ligands, and is thus more electron-rich and is also in agreement 
with the Co-dinitrogen IR data between the ligand derivatives. A comparison to analogous PCP cobalt 
Scheme 2.5 Synthesis of (MesCCC)Co(CO)2. 
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dicarbonyl complexes IR stretching frequencies, 1906-1926 cm-1 and 1963 and 1982 cm-1,24,25,45 indicates 




Figure 2.7 Molecular structures of (MesCCC)Co(CO)2 with 50% probability ellipsoids. Hydrogen atoms 





Table 2.2 Selected bond distances and angles for (MesCCC)Co(CO)2. 
  (MesCCC)Co(CO)2 
Bond Distances (Å)  
Co – C1 1.9119(15) 
Co – C13 1.910(2) 
Co – C1a 1.9119(15) 
Co – C21 2.2787(6) 
Co – C21a 2.3175(6) 










 In conclusion, a series of cobalt pincer complexes featuring the electron-rich, monoanionic 
bis(carbene) (MesCCC) ligand have been synthesized. The Co(I-III) derivatives of these compounds have 
been prepared in good yields, including the room temperature synthesis of a Co(III) derivative, 
(MesCCC)CoCl2py, from the benzimidazolium salt precursor, [H3(MesCCC)]Cl2. In contrast to traditional 
routes that make use of lithiation and subsequent addition of cobalt halide compounds,23 this room 
temperature synthesis utilizes Co(II) source featuring multiple equivalents of internal base for the room 
temperature aryl C–H bond cleavage. A suite of characterization techniques was used to identify and study 
these complexes, including 1H and 13C NMR, EPR, and FT-IR spectroscopies, as well as single crystal X-ray 
crystallography.  IR studies of the N2 and carbonyl complexes indicate that the mesityl derivative is slightly 
more electron-rich than the diisopropyl ligand derivative.  Such complexes provide an interesting platform 
from which to study two-electron processes with cobalt, particularly given the extensively characterized 
nature of the different oxidation states of cobalt with the ligand platform. 
 
2.9 Experimental section 
 General Considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise. All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.46 Chloroform-d, and 
benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored over 4 Å 
molecular sieves prior to use. Lithium hexamethyldisilazane was purchased from Sigma-Aldrich and 
recrystallized from toluene under an inert atmosphere prior to use. Celite® 545 (J. T. Baker) was dried in 
a Schlenk flask for 24 h under dynamic vacuum while heating to at least 150˚C prior to use in a glovebox. 
DPEPhos (>99%) and CoCl2 (99% anhydrous) were purchased from Strem and used as received. PdCl2 was 
purchased from Pressure Chemicals. [Co(N(SiMe3)2)2]2•THF11,12 and Pd(PPh3)447 were prepared by 
literature procedures. NMR Spectra were recorded at room temperature on a Varian spectrometer 
operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) (U500, VXR500, UI500NB) and referenced to the 
residual CHCl3 and C6D5H resonance (δ in parts per million, and J in Hz). Solid-state infrared spectra were 
recorded using a PerkinElmer Frontier FT-IR spectrophotometer equipped with a KRS5 thallium 
bromide/iodide universal attenuated total reflectance accessory. Elemental analyses were performed by 
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the University of Illinois at Urbana−Champaign School of Chemical Sciences Microanalysis Laboratory in 
Urbana, IL. Electrospray ionization mass spectrometry (ESI) was recorded on a Water Q-TOF Ultima ESI 
instrument.  Cyclic voltammetry studies were collected on CH Instruments 1410C potentiostat. EPR 
samples were prepared in an MBraun glovebox. The sample concentration is approximately 10mM in 
tetrahydrofuran/toluene (1:1) mixture. EPR spectra were recorded on a Varian E-line 12” Century series 
X-band CW spectrometer and the spectra were simulated using the program SIMPOW6.48,49 EPR 
parameters for (MesCCC)CoClpy (1.60E+3 gain; 4.00G modulation amplitude; 20.00dB power; microwave 
frequency = 9.2907GHz). 
Modified Ligand Procedure 
Synthesis of N-(2-bromophenyl)-2,4,6-trimethylaniline:  A 20 mL scintillation vial charged with Pd(PPh3)4 
(0.404 g, 0.35 mmol) and DPEPhos (0.566 g, 1.05 mmol) was stirred at 80°C for 20 minutes in toluene (20 
mL).  The DPEPhos/Pd(PPh3)4 solution was then filtered through a pad of celite into a 150 mL Schlenk 
bomb and 2-bromoiodobenzene (2.97 g, 10.5 mmol), 2,4,6-trimethylaniline (0.947 g, 7 mmol) and sodium 
tert-butoxide (2.69 g, 28 mmol) were added and the mixture was diluted with 80 mL of toluene. After 
stirring the mixture at 100oC for 20 h, the suspension was allowed to cool to ambient temperature and 
then filtered through a plug of silica, eluting with 500 mL of Et2O. The filtrate was concentrated to an oil 
under reduced pressure and filtered through a pad of silica, eluting with 800 mL of hexanes.  Under 
reduced pressure, the filtrate was concentrated to an oil, taken up in ca. 10 mL hot ethanol, and upon 
cooling, the product was obtained as a white solid (2.00 g, 6.89 mmol, 98%). The 1H and 13C NMR spectra 
match those of the reported compound.4 
Synthesis of N1,N1’-(1,3-phenylene)bis(N2-mesityl-1,2-diamine):  A 20 mL scintillation vial charged with 
Pd(PPh3)4 (0.550 mg, 0.476 mmol) and DPEPhos (0.800 g, 1.48 mmol) was stirred at 80°C for 20 minutes 
in toluene (20 mL).  The DPEPhos/Pd(PPh3)4 solution was then filtered through a pad of celite into a 250 
mL Schlenk bomb and N-(2-bromophenyl)-2,4,6-trimethylaniline (3.00 g, 10.34 mmol), 1,3-
diaminobenzene (0.502 g, 4.64 mmol) and sodium tert-pentoxide (2.500 g, 22.7 mmol) were added and 
the mixture was diluted with ca. 120 mL of toluene. After stirring at 100oC for 24 h, the suspension was 
allowed to cool to ambient temperature and then filtered through a plug of silica, eluting with 500 mL of 
Et2O. The solvent was removed under reduced pressure, the residue adsorbed on 30 g of dry silica and 
loaded onto a silica gel column.  The product is separated with a stepwise gradient of 2-5% ethyl 
acetate/hexanes, yielding a green powder.  This powder is further recrystallized from hexanes to give the 




Synthesis of 1,1’-(1,3-phenylene)bis(3-mesityl-1H-benzo[d]imidazole-3-ium) chloride, [H3(MesCCC)]Cl2: 
N1,N1’-(1,3-phenylene)bis(N2-mesitylbezene-1,2-diamine) (2.245 g, 4.24 mmol) was suspended in 55 mL 
triethyl orthoformate and heated to reflux under an N2 atmosphere.  Concentrated hydrochloric acid (37% 
w/w, 0.8 mL, 9.7 mmol) was added dropwise and the color of the suspension turned off-white.  After 
stirring for 19 h, the suspension was allowed to cool to ambient temperature and treated with 55 mL of 
Et2O, followed by 165 mL of hexanes. After stirring for 20 min, the solid was collected by filtration and 
washed with excess ether.  The off-white solid was taken into the drybox, dissolved in ca. 100 mL of DCM 
and stored under 4 Å molecular sieves for 24 h.  The solution was decanted, and ca. 120 mL of hexanes 
was added, and a white solid was isolated by filtration (2.015 g, 3.25 mmol, 77%).  The 1H and 13C NMR 
spectra match those of the reported compound.4 
Synthesis of Metal Complexes 
Synthesis of (MesCCC)CoCl2py: A mixture in a 20 mL scintillation vial charged with [H3(CCCMes)]Cl2 (0.050 g, 
0.08 mmol) in ca. 5 mL of THF and a THF solution of lithium hexamethyldisilazide (0.013 g, 0.08 mmol) 
was stirred at ambient temperature for 5 min. A THF solution of [Co(N(SiMe3)2)2] 2•THF (0.036 g, 0.08 
mmol) and 4 drops of anhydrous pyridine were added to the reaction mixture. A solution of trityl chloride 
(0.023 g, 0.83 mmol) in ca. 2 mL THF was added to the reaction mixture.  After stirring for 18 h at ambient 
temperature, the volatiles were removed under reduce pressure and the green solid was washed with 
hexanes (2 × 10 mL), dissolved in DCM (10 mL), filtered over a plug of Celite, and the solvent was removed 
under reduced pressure to give a green solid (0.057 g, 0.075 mmol, 93%).  Crystals suitable for X-ray 
diffraction were grown from slow evaporation of a concentrated solution of complex (MesCCC)CoCl2py in 
benzene and chloroform at room temperature. Anal. Calcd for (MesCCC)CoCl2py*C6H6/CH2Cl2 
(C50H45Cl4CoN5): C, 65.51; H, 4.95; N, 7.64. Found: C, 65.54; H, 4.6; N, 7.64. 1H NMR (500 MHz, CDCl3) δ 
8.79 (d, J = 6.0, 2H), 8.25 (d, J = 8.0, 2H), 7.83 (d, J = 8.0, 2H), 7.55 (t, J = 7.8, 1H), 7.43 (t, J = 7.5, 2H), 7.31 
(t, J = 7.8, 1H), 7.20 (t, 7.5, 2H), 6.78 (d, J = 8.0, 2H), 6.56-6.50 (m, 6H), 2.19 (s, 6H), 1.83 (s, 12H). 13C NMR 
(CDCl3): δ 195.7, 151.3, 147.8, 137.6, 135.8, 135.7, 135.4, 132.3, 131.6, 131.5, 131.3, 129.7, 128.5, 128.1, 
127.5, 127.4, 124.0, 122.8, 122.1, 121.7, 111.2, 109.5, 109.3, 20.1, 17.2. 
Alternative synthesis of (MesCCC)CoCl2py from (MesCCC)Co(N2)(PPh3): A solution of trityl chloride (0.063 
mg, 0.226 mmol) in ca. 5 mL of THF was added to a 20 mL scintillation vial charged with a suspension of 
(MesCCC)Co(N2)(PPh3) (0.101 g, 0.113 mmol) and 5 drops of anhydrous pyridine in ca. 5 mL THF.  After 
stirring the mixture for 3 h at ambient temperature, the volatiles were removed under reduced pressure 
to give a green solid mixture.  The crude product was washed with Et2O (2 × 5 mL), pumped to dryness in 
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vacuo, taken up in ca. 10 mL DCM and filtered over a plug of Celite.  Removal of the solvent under reduced 
pressured resulted in a green powder (0.070 g, 0.0882 mmol, 78%). 
Alternative synthesis of (MesCCC)CoCl2py from (MesCCC)CoClpy: A solution of trityl chloride (0.004 mg, 
0.014 mmol) in ca. 5 mL of THF was added to a 20 mL scintillation vial charged with a pre-stirred 
suspension of (MesCCC)CoClpy (0.010 g, 0.014 mmol) in ca. 5 mL THF.  After stirring the mixture for 1 h at 
ambient temperature, the volatiles were removed under reduced pressure to give a green solid mixture.  
The crude product was triturated with Et2O (2 × 5 mL), pumped to dryness in vacuo, taken up in ca. 10 mL 
DCM and filtered over a plug of Celite.  Removal of the solvent under reduced pressured resulted in a 
green powder (0.009 g, 0.0119 mmol, 85%). 
Synthesis of (MesCCC)CoClpy: A suspension of Mg(C14H10)•3THF (0.142mg, 0.068 mmol) in ca. 2 mL of THF 
was added to a 20 mL scintillation vial charged with a pre-stirred solution of (MesCCC)CoClpy (0.100 g, 
0.136 mmol) in approximately 3 mL of THF. The resulting reaction was stirred for 2 h at room temperature 
and then pipette-filtered over Celite. Removal of volatiles from the filtrate under reduced pressure yielded 
a solid residue, which was washed with THF (2 × 1 mL) to give an orange solid. Further washing with 
hexanes (2 × 1 mL), followed by the removal of solvents under reduced pressure afforded 6 mg of pure 
compound. A second cropping from the THF washes provided an additional 21 mg of the crystalline orange 
product (0.027 g, 0.038 mmol, 28 %). Crystals suitable for X-ray diffraction were grown from these THF 
washes, as well as recrystallization of the compound from THF. The product is 1H NMR silent. HRMS (ESI), 
calc. for C43H38ClCoN5 (M)+: 718.2148; found 718.2137. 
Alternative synthesis of (MesCCC)CoClpy from (MesCCC)Co(N2)(PPh3): A solution of trityl chloride (0.004 mg, 
0.015 mmol) in ca. 2 mL of THF was added to a 20 mL scintillation vial charged with a pre-stirred 
suspension of (MesCCC)Co(N2)(PPh3) (0.015 g, 0.017 mmol) and 2 drops of anhydrous pyridine in ca. 5 mL 
THF.  After stirring the mixture for 3 h at ambient temperature, the volatiles were removed under reduced 
pressure to give an orange residue.  The crude product was washed with Et2O (2 × 5 mL), pumped to 
dryness in vacuo, taken up in ca. 5 mL of THF and filtered over a plug of Celite.  Removal of the solvent 
under reduced pressured resulted in an orange powder (0.009 g, 0.0128 mmol, 85%). 
Synthesis of (MesCCC)Co(N2)(PPh3):  A 20 mL scintillation vial was charged with (MesCCC)CoCl2py (0.108 g, 
0.141 mmol) and THF (10 mL).  After stirring for 10 min, the green suspension was transferred to a THF 
suspension (5 mL) of freshly prepared sodium amalgam (Na: 0.012 g, 0.53 mmol; Hg 3.80 g). After stirring 
the mixture at ambient temperature for 18 h, the dark suspension was filtered over Celite and to the 
filtrate, triphenylphosphine (0.037 g, 0.141 mmol) was added, resulting in the color change of the mixture 
to dark red.  After stirring the solution for 2 h, the THF was removed under reduced pressure. The product 
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was then extracted into benzene (3 x 5 mL), filtered over Celite and concentrated to a red solid. The solid 
was triturated with hexane (10 mL) and concentrated under vacuum to give a fine red powder (0.094 g, 
0.105 mmol, 73%). Crystals suitable for X-ray diffraction were grown from slow evaporation of a 
concentrated solution of complex (MesCCC)Co(N2)(PPh3) in benzene layered with hexanes at room 
temperature.  NMR data (in benzene-d6, 25 °C):  1H δ = 7.76 (d, J = 8.0, 2H), 7.41 (d, J = 7.5, 2H), 7.25 (t, J 
= 7.5, 2H), 7.12 (t, J = 7.8, 2H), 6.95-6.89 (m, 8H), 6.85 (t, J = 7, 3H), 6.79-6.74 (m, 8H), 6.71 (s, 1H), 6.55 (d, 
J = 8, 2H), 2.01 (s, 6H), 2.00 (s, 6H), 1.66 (s, 6H); 13C δ =  208.9, 164.9,143.8, 138.5, 138.4, 137.1, 136.9, 
136.7, 134.4, 133.0, 132.9, 132.4, 129.9, 121.9, 121.7, 119.4, 109.7, 108.5, 105.8, 21.1, 18.2, 17.8. HRMS 
(ESI), calc. for C56H49CoN4P (M)+: 867.3027; found 867.2997. IR:  2112 cm-1 (N2). 
Synthesis of (MesCCC)Co(N2)(PPh3) using KC8: A 20 mL scintillation vial was charged with (MesCCC)CoCl2py 
(0.094 g, 0.124 mmol) and THF (10 mL). A suspension of KC8 (0.035 g, 0.259 mmol) in THF (5 mL) was 
added to the mixture. After stirring for 2 hours, the dark brown suspension was filtered over Celite and to 
the filtrate, PPh3 (0.033 g, 0.124 mmol) was added, resulting in the change of the mixture to dark red. The 
THF was removed under reduced pressure after stirring the solution for 1 h. The product was then 
extracted into benzene (3 x 5 mL), filtered over Celite and concentrated under reduced pressure to a red 
solid. The solid was triturated with hexane (10 mL) and concentrated in vacuo to give a fine red powder 
(0.097 g, 0.109 mmol, 88%). NMR data (in toluene-d8, 25 °C): 1H δ = 7.72 (d, J = 8.0, 2H), 7.33 (d, J = 7.5, 
2H), 7.16 (t, J = 7.0, 1H), 7.12 (d, J = 8.0, 2H), 6.89 (t, J = 7.5, 2H), 6.87-6.81 (m, 7H), 6.77-6.68 (m, 12H), 
6.52 (d, J = 7.5, 2H), 2.03 (s, 6H), 1.92 (s, 6H), 1.62 (s, 6H) The 1H and 13C NMR spectra in benzene-d6 match 
that of the reported compound. 
Alternative synthesis of (MesCCC)Co(N2)(PPh3) from (MesCCC)CoClpy: A 20 mL scintillation vial was charged 
with (MesCCC)CoClpy (0.027 g, 0.0375 mmol) and ca. 5 mL of THF.  After stirring for 10 min, the orange 
solution was transferred to a ca. 5 mL THF suspension of freshly prepared sodium amalgam (Na: 0.010 g, 
0.43 mmol; Hg 1.61 g). After stirring the mixture at ambient temperature for 17 h, the dark suspension 
was filtered over Celite and to the filtrate, triphenylphosphine (0.010 g, 0.038 mmol) was added, resulting 
in the change of the mixture to dark red.  After stirring the solution for 1 h, the THF was removed under 
reduced pressure. The product was then extracted into benzene (3 x 5 mL), filtered over Celite and 
concentrated to a red solid. The solid was triturated with hexane (10 mL) and concentrated under vacuum 
to give a fine red powder (0.025 g, 0.028 mmol, 75%). 
Synthesis of (MesCCC)Co(CO)2: A 20 mL scintillation vial was charged with (MesCCC)CoCl2py (0.025 g, 0.0331 
mmol) and THF (10 mL). A suspension of KC8 (0.009 g, 0.0679 mmol) in THF (5 mL) was added to the 
mixture.  After stirring the suspension for 1h, the mixture was filtered into a 50 mL storage vessel and 1 
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atm of CO was added.  The volatiles were removed under reduced pressure after stirring for 2 h.  The 
resulting crude mixture was washed with hexanes (10 mL) and the product was extracted in benzene (15 
mL), filtered and concentrated to a yellow solid.  The solid was triturated with hexanes (10 mL) and 
concentrated under vacuum to give a fine yellow power (0.021 g, 0.0316 mmol, 96%). 1H NMR (500 MHz, 
C6D6) δ = 7.82 (d, J = 7.8, 2H), 7.74 (d, J = 7.8, 2H), 7.50 (t, 7.6, 1H), 7.07 (t, 7.8, 2H), 6.90 (t, 7.8, 2H), 6.65 
(s, 4H), 6.56 (d, 6.6, 2H), 1.95 (s, 18H). 13C NMR (125 MHz, THF-d8) δ = 207.4, 205.8, 170.9, 145.8, 139.9, 
137.7, 134.0, 132.1, 130.3, 129.0, 123.6, 123.4, 121.3, 111.5, 110.2, 107.4, 21.3, 17.8. HRMS (ESI), calc. for 
















Empirical Formula C47 H42 Cl5 Co N5 C51 H54 Cl Co N5 O2 C56 H48 Co N6 P 
Formula Weight 913.04 863.07 894.90 
Temperature 183(2) K 296(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Triclinic 
Space group P 21/n P 21/c P-1 
Unit Cell Dimensions 
a = 9.069(2) Å 
b = 22.886(6) Å 
c = 20.280(5) Å 
α= 90° 
β= 92.301(4)° 
γ = 90° 
a = 14.4441(18) Å 
b = 20.502(3) Å 
c = 16.521(2) Å 
α = 90° 
β = 98.680(8)° 
γ = 90° 
a = 12.3483(6) Å 
b = 13.3152(7) Å 
c = 16.1489(9) Å 
α = 107.661(3)° 
β = 90.213(2)° 
γ = 115.791(2)° 
Volume 4206.0(18) Å3 4836.5(11) Å3 2249.4(2) Å3 
Z 4 4 2 
Reflections collected 46522 8946 115626 
Independent 
reflections 7747 8946 13805 
Goodness-of-fit on F2 1.005 0.901 1.030 
Final R indices 
[I>sigma(l)] 
R1 = 0.0532 
wR2 = 0.0953 
R1 = 0.0596 
wR2 = 0.1394 
R1 = 0.0371 










Table 2.4 Crystallographic parameters for (MesCCC)Co(CO)2. 
  (MesCCC)Co(CO)2 
cd99da 
Empirical Formula C40 H33 Co N4 O2 
Formula Weight 660.63 
Temperature 105(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group C 2/c 
Unit Cell Dimensions 
a = 23.7349(9) Å 
b = 14.5175(6) Å 
c = 9.3849(4) Å 
α= 90° 
β= 102.0336(14)° 
γ = 90° 
Volume 3162.7(2) Å3 
Z 4 
Reflections collected 61292 
Independent reflections 3497 
Goodness-of-fit on F2 1.053 
Final R indices 
[I>sigma(l)] 
R1 = 0.0325 
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CHAPTER 3: SYNTHESIS, CHARACTERIZATION, AND REACTVITY OF A WELL-DEFINED COBALT(I) 
DIHYDROGEN CATALYST: EXPERIMENTAL EVIDENCE FOR A COBALT(I)/COBALT(III) REODOX PROCESS 
IN OLEFIN HYDROGENATION† 
 
3.1 Introduction  
 Catalytic homogeneous hydrogenation is one of the most atom economical methods employed for 
the transformation of organic substrates. The abundant use of late second- and third-row transition metal 
systems in these reactions reflects the high activity, selectivity, and overall function conferred.1 Detailed 
mechanistic studies elucidating oxidation state changes at the metal centers over the course of catalysis, 
as well as the nature of H2 interaction and substrate binding, have enabled improvements to be made to 
these catalytic systems.2  
 More recently, there has been a wide interest in employing more sustainable first-row transition 
metal complexes in the hydrogenation of olefins.  Work by Budzelaar,3 Chirik,4,5 Hanson,6-8 and Peters9,10 
in this area clearly demonstrates the potential of ligand-assisted cobalt-based systems as hydrogenation 
catalysts. However, catalytic complexes featuring exclusively metal-centered reactivity with cobalt are 
rare.11,12 As such, a detailed mechanistic study of such systems is necessary. Nonclassical transition-metal 
dihydride complexes, including those consisting of iron13-15 and nickel,16-18 are probable intermediates in 
a variety of catalytic H2-producing and -consuming reactions, but further investigations are needed.19-22 
 Due to the inherent thermal instability of Co-(H2) complexes, few can be studied in catalytic 
transformations. A recent example by the Peters group features a Co-(H2) complex characterized by X-ray 
crystallography, and the thermal stability of the complex permitted equilibrium binding studies of the 
dihydrogen ligand.23 Other Co-(H2) complexes have been reported, but in these cases the thermal 
instability only allowed for in situ characterization at low temperature.24-26 Interestingly, none of the 
reported Co-(H2) complexes have proven to be effective catalysts. In fact, the only evidence of a Co-(H2) 
complex directly involved in catalysis was reported in a computational study of the Co2(CO)8-catalyzed oxo 
process developed by Ziegler and co-workers,27,28 as well as in NMR studies of phosphine derivatives of 
cobalt-hydroformylation catalysts employing parahydrogen (p-H2) induced polarization (PHIP) 
transfer.29,30 
                                                          
† Portions of this chapter are reproduced from the following publications with permission from the authors. Tokmic, K.; Markus, 
C. R.; Zhu, L.; Fout, A. R. Well-Defined Cobalt(I) Dihydrogen Catalyst: Experimental Evidence for a Co(I)/Co(III) Redox Process in 
Olefin Hydrogenation. J. Am. Chem. Soc. 2016, 138, 11907-11913.  
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 We recently reported a series of cobalt pincer complexes featuring electron-rich monoanionic 
bis(carbene) ligands, MesCCC and DIPPCCC (MesCCC = bis(mesityl-benzimidazol-2-ylidene)phenyl and DIPPCCC 
= bis(diisopropylphenyl-benzimidazol-2-ylidene)phenyl).31 Cleavage of the strong aryl C−H bond was 
achieved in a one-pot metalation procedure to afford the Co(III) complexes, whereby reduction of these 
species with the appropriate equivalents of reductant afforded the Co(II) and Co(I) complexes. Interested 
in further exploring low-valent cobalt catalysts to be employed in Co(I)/Co(III) catalysis,32 the reactivity of 
our Co(I)-(N2) complex, (MesCCC)Co(N2)(PPh3), to effect two-electron chemistry with dihydrogen was 
investigated. In doing so, we synthesized a Co(I)-(H2) complex that is catalytically active toward the 
hydrogenation of olefins under ambient conditions and have successfully identified various intermediates 
within the catalytic cycle using both multinuclear and PHIP transfer NMR studies. These studies provide 
compelling evidence for a Co(I)/Co(III) redox process in the catalytic cycle. 
 
3.2 Synthesis and characterization of (MesCCC)Co(H2)(PPh3) 
 The addition of H2 (4 atm) to (MesCCC)Co(N2)(PPh3) at room temperature in toluene-d8 resulted in an 
immediate color change from dark red to red-orange (Scheme 3.1). The 1H NMR spectrum of the resulting 
species in toluene-d8 revealed a new diamagnetic product (Figure 3.1).  A shift of the three mesityl methyl 
resonances from 2.03, 1.92, and 1.62 ppm to 2.14, 1.82, and 1.30 ppm was observed and is consistent 
with a Cs-symmetric complex in solution. An additional broad resonance at −5.56 ppm corresponding to 
2H confirmed the addition of dihydrogen to yield (MesCCC)Co(H2)(PPh3). Subsequent exposure of 
(MesCCC)Co(H2)(PPh3) to 1 atm of N2 resulted in a color change back to dark red, indicating the formation 
of (MesCCC)Co(N2)(PPh3) (Scheme 3.1), which was verified by 1H NMR spectroscopy. 
 To support the assignment of the resonance at −5.56 ppm as the added dihydrogen, the deuterium 
analogue of (MesCCC)Co(H2)(PPh3) was prepared. Exposure of (MesCCC)Co(N2)(PPh3) to 4 atm of D2 in 
toluene-d8 resulted in the formation of a red-orange diamagnetic species with identical pincer ligand 
resonances to those of (MesCCC)Co(H2)(PPh3), as determined by 1H NMR spectroscopy (Figure 3.1). 
Moreover, the absence of a broadened upfield resonance around −5.56 ppm in the 1H NMR spectrum and 
observation of the corresponding resonance at −5.66 ppm in the 2H NMR spectrum (Figure 3.2) confirmed 
Scheme 3.1 Synthesis of (MesCCC)Co(H2)(PPh3) from (MesCCC)Co(N2)(PPh3). 
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that the dihydrogen gas was the source of this signal. Monitoring this solution over several days by 2H 
NMR spectroscopy demonstrated that there was no incorporation of deuterium into the pincer ligand 
framework.  
 Given the facile and reversible nature of (MesCCC)Co(H2)(PPh3) and (MesCCC)Co(N2)(PPh3) formation, 
the possibility that (MesCCC)Co(H2)(PPh3) was a nonclassical dihydrogen complex instead of a Co(III)-
dihydride was considered.  In order to determine the binding mode of H2, T1 relaxation studies on 
(MesCCC)Co(H2)(PPh3) were performed. A T1 study of the resonance at −5.56 ppm in a toluene-d8 solution 
of (MesCCC)Co(H2)(PPh3) from 203 to 343 K (Figure 3.3) gave the lowest T1(min) value of 12 ms (253 to 313 
K), supporting the formation of a nonclassical cobalt dihydride complex in solution, (MesCCC)Co(H2)(PPh3). 
Figure 3.1 1H NMR spectrum of (MesCCC)Co(H2)(PPh3) (top) and (MesCCC)Co(D2)(PPh3) (bottom). 














2H NMR spectrum – C7H8 
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The T1(min) value is consistent with other Co-(H2) complexes reported in the literature.23,24 Although this 
data is consistent with a nonclassical bonding of H2, Halpern and coworkers33 reported that differentiating 
classical and nonclassical bonding of H2 using the “T1 criterion” requires a consideration of other NMR 
active nuclei. The high gyromagnetic ratio of 59Co as well as the additional PPh3 ligand in our complexes 
would naturally contribute to the relaxation rate of the bound H2 ligand. Heinekey and co-workers have 
demonstrated upon a reinvestigation34,35 that cationic nonclassical Co-(H2) complexes36,37 were more 
appropriately described as highly dynamic octahedral classical Co-(H)2 molecules. They cited the absence 



















T1 min vs. Temperature (K)
Figure 3.3 Plot of T1 as a function of temperature (K) for (MesCCC)Co(H2)(PPh3). 







1H NMR spectrum – C7D8 
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 In order to further understand the extent of H2 coordination and activation, (MesCCC)Co(N2)(PPh3) was 
reacted with HD gas. The resulting 1H NMR spectrum of (MesCCC)Co(HD)(PPh3) in toluene-d8 displayed two 
sets of triplets at −5.56 and −5.60 ppm with a JHD coupling constant of 33 Hz each (Figure 3.4). On the basis 
of previously reported correlations between JHD and rHH values by Morris,38 the coupling constant 
corresponds to a rHH of 0.87 Å, which is slightly shorter than other reported cobalt dihydrogen complexes 
(rHH = 0.9524 and 0.9223 Å) and is consistent with a nonclassical binding mode of H2 (dHH of H2 = 0.74 Å). 
Interestingly, the formation of free H2 gas (4.50 ppm) was also observed in the 1H NMR spectrum (Figure 
3.4), suggestive of HD scrambling.  
 HD scrambling was probed further by adding a mixture of H2 and D2 (0.5 atm each) at 77 K to a 
degassed benzene-d6 solution of (MesCCC)Co(N2)(PPh3) (Scheme 3.2). Within 10 min of warming to 
ambient temperature, the resulting 1H NMR spectrum was consistent with the formation of 
(MesCCC)Co(HD)(PPh3), and, in addition, revealed a new triplet at 4.43 ppm (JHD = 43 Hz), corresponding to 
the formation of HD gas as well as the expected singlet at 4.47 ppm for H2 gas (Figure 3.5). This result 
indicates that (MesCCC)Co(N2)(PPh3) is capable of facilitating H2/D2 exchange, a process that is rare with 
cobalt,23,39 and may be mediated by a transient Co(III)-dihydrogen/dihydride species (Figure 3.6). 
However, Lewis acidic H2 activation and deprotonation by exogenous base could not be ruled out as 
pathways for this scrambling process.40  







Figure 3.5 1H NMR spectrum of (MesCCC)Co(HD)(PPh3). 
Scheme 3.2 Synthesis of (MesCCC)Co(HD)(PPh3) from (MesCCC)Co(N2)(PPh3) and a 1:1 mixture of H2/D2. 
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 Interested in understanding if the H−H bond was amenable to cleavage, a solution of 
(MesCCC)Co(H2)(PPh3) in toluene-d8 was monitored by variable temperature 1H NMR spectroscopy from 
−80 to 80 °C (Figures 3.15 to 3.18). No changes suggesting H−H bond cleavage were observed in the 1H 
NMR spectrum. Likewise, the dissociation of PPh3 was not observed in either the 31P or 1H NMR spectrum 
over this temperature range. 
 
3.3 Synthesis and characterization of (MesCCC)Co(N2)(PMe3) 
 These results prompted us to understand the role of the PPh3 in H2 binding and activation, and 
therefore, the substitution by a more basic phosphine, PMe3, was targeted. Reduction of 
(MesCCC)CoCl2py31 with KC8 in the presence of PMe3 cleanly afforded (MesCCC)Co(N2)(PMe3) in 77% yield 
(Scheme 3.3). The mesityl methyl resonances of (MesCCC)Co(N2)(PMe3) at 2.10, 2.09, and 2.02 ppm in the 
Scheme 3.3 Synthesis of (MesCCC)Co(N2)(PMe3). 





1H NMR spectrum – C6D6 
Figure 3.6 Proposed intermediate facilitating H2/D2 exchange. 
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1H NMR spectrum established a Cs coordination environment about the metal center and are slightly 
shifted downfield from that of (MesCCC)Co(N2)(PPh3) (Figure 3.7).  
X-ray crystallographic characterization (Figure 3.8 and Tables 3.3 and 3.4) further established the 
connectivity of this square pyramidal (τ = 0.16)41 Co(I) species. The two Co−CNHC bond lengths of 1.9033(19) 
and 1.9079(19) Å and the Co−Caryl bond length of 1.8734(19) Å are comparable to those in 
(MesCCC)Co(N2)(PPh3).31 Similarly, the N2 bond distance of 1.022(2) Å and an IR stretch (2114 cm−1) remain 
largely unactivated from free N2 akin to that observed in (MesCCC)Co(N2)(PPh3).31 
 
3.4 Reactivity of (MesCCC)Co(N2)(PMe3) toward H2  
 In the presence of a more electron-donating phosphine, it was hypothesized that the H−H bond may 
be more activated.  The addition of H2 (4 atm) to a degassed benzene-d6 solution of (MesCCC)Co(N2)(PMe3) 
resulted in the observation of a new species, (MesCCC)Co(H2)(PMe3), by 1H NMR spectroscopy, while 40% 
of the starting compound (MesCCC)Co(N2)(PMe3) remained unreacted.  The mesityl methyl resonances are 
shifted slightly upfield to 2.02, 1.97, and 1.96 ppm, consistent with Cs-symmetry in solution. Similar to 
(MesCCC)Co(H2)(PPh3), a low T1 (min) value of 14 ms was observed for this resonance at 298 K, confirming 
Figure 3.8 Molecular structure of (MesCCC)Co(N2)(PMe3) shown with 50% probability ellipsoids. H 











σ-bound H2 formulation, (MesCCC)Co(H2)(PMe3).  A JHD coupling constant of 32 Hz, obtained from treating 
(MesCCC)Co(N2)(PMe3) with a mixture of H2 and D2 (0.5 atm each) at 77 K, correlated38 to an rHH of 0.89 Å, 
demonstrating that the use of the more basic PMe3 resulted in only a marginal elongation of the H−H 
bond (from 0.87 Å in (MesCCC)Co(H2)(PPh3) (Figure 3.9). In comparison to (MesCCC)Co(H2)(PPh3), however, 
where the conversion to product was essentially quantitative, the use of the more electron-rich phosphine 
resulted in a lower conversion to (MesCCC)Co(H2)(PMe3), indicating that H2/N2 exchange is slower or less 
favorable in the presence of the more basic phosphine.  
 
3.5 Olefin hydrogenation with the Co(I)-(N2) complexes  
 Given the ability of the Co(I)-(N2) complexes to facilitate the scrambling of H2/D2 by accessing higher 
oxidation states, the competency of the Co(I)-(H2) complexes toward catalytic hydrogenation of olefins 
was probed, as transition metal dihydrogen complexes are often considered as transient intermediates in 
many catalytic hydrogenation reactions. In an effort to understand if (MesCCC)Co(H2)(PPh3) is catalytically 
relevant to the hydrogenation of olefins, a degassed benzene solution of (MesCCC)Co(N2)(PPh3) was 
exposed to H2 (1 atm) for 10 min to generate (MesCCC)Co(H2)(PPh3) in situ. To this solution was added 50 
equiv of styrene, and within 2 h at room temperature, the full conversion of styrene to ethylbenzene was 
observed by GC−MS. Additionally, 1H and 13C NMR spectroscopy was used to monitor the hydrogenation 
studies.  Upon addition of 4 atm of H2 to a degassed benzene-d6 solution of (MesCCC)Co(H2)(PPh3) or 
(MesCCC)Co(H2)(PMe3) (2 mol%) and styrene in a J. Young NMR tube, the color of both of the mixtures 
changed from dark red to red-orange. Complete conversion to ethylbenzene was readily achieved with 
(MesCCC)Co(N2)(PPh3) (Table 3.1, entry 1), while unsurprisingly (MesCCC)Co(N2)(PMe3) was not as active for 
the hydrogenation of styrene.  Only 30% conversion was obtained when using (MesCCC)Co(N2)(PMe3), 
likely the result of the lack of formation of (MesCCC)Co(H2)(PMe3) and phosphine-olefin exchange 
throughout catalysis (Table 3.1, entry 2). In the case of (MesCCC)Co(N2)(PPh3), (MesCCC)Co(H2)(PPh3) was 
observed upon the completion of the reaction, indicating (MesCCC)Co(H2)(PPh3) is the resting state of the 
catalytic process. This represents the first example of a well-defined homogeneous cobalt dihydrogen 
complex that has been demonstrated to be an effective hydrogenation catalyst. 
 To better understand the nature of this catalysis, elemental mercury was added to a catalytic run, and 
no change in reactivity was observed indicating that this process is homogeneous42 (Table 3.1, entry 3). 
The use a cobalt(III) derivative, (MesCCC)CoCl2py, did not yield any hydrogenation activity (Table 3.1, entry 
4). Furthermore, the role of PPh3 in catalysis was probed, as dissociation of PPh3 is likely to occur given 
the electronic saturation of (MesCCC)Co(N2)(PPh3) and (MesCCC)Co(H2)(PPh3).  To this end, the role of PPh3 
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in the catalytic reaction was examined. The addition of 5 mol equiv of PPh3 with respect to 
(MesCCC)Co(N2)(PPh3) resulted in a diminished conversion of styrene to ethylbenzene (50%) after 2 h at 
room temperature (Table 3.1, entry 5). Furthermore, the addition of 12.5 and 25 mol equiv of PPh3 led to 
12% and 6% conversion to ethylbenzene, respectively, as determined by 1H NMR spectroscopy (Table 3.1, 
entries 6 and 7). This diminished conversion is consistent with dissociation of PPh3 during catalysis. 
 Encouraged by the ability of (MesCCC)Co(H2)(PPh3) to effectively hydrogenate styrene, the substrate 
scope was expanded to include more sterically hindered olefins. Under catalytic conditions (2 mol % 
catalyst, 4 atm of H2 in benzene-d6 at room temperature) a variety of olefins bearing different functional 
groups were successfully hydrogenated (Table 3.2, Figures 3.19 to 3.29). The cobalt(I) system readily 
reduces inactivated terminal olefins such 1-octene, albeit taking longer to reach full conversion than 
styrene (Table 3.1, entry 1). Furthermore, functionalities such as hydroxyl groups, ketones, anhydrides, 
and aldehydes did not inhibit catalytic activity and were not reduced (Table 3.2, entries 2-4 and 9). 
Additionally, 4-vinyl pyridine did not inhibit the catalysis and reached full conversion within 2 h (Table 3.2, 
entry 5). Interestingly, the hydrogenation of cyclohexene did not proceed well at room temperature, but 
upon heating to 60 °C, complete conversion to cyclohexane was achieved (Table 3.2, entry 8). Selectivity 
toward terminal alkenes over internal alkenes was established with 4-vinylcyclohexene.  At room 
Table 3.1 Hydrogenation of styrene and control experiments. 
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temperature the terminal alkene was reduced, and upon heating to 60 °C, the reduction of the internal 
C=C bond was achieved (Table 3.2, entry 7). 
 
3.6 Mechanistic studies using parahydrogen induced polarization 
 Having established that the reactivity of (MesCCC)Co(N2)(PPh3) with H2 results in an arrested 
intermediate (MesCCC)Co(H2)(PPh3) in the oxidative addition of H2 rather than a formal oxidation state 
change by the metal center and reasoning that catalytic activity of these cobalt complexes likely proceeds 
Table 3.2 Olefin hydrogenation substrate scope. 
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through more than one oxidation state, further mechanistic studies were performed to understand the 
catalytic nature of the cobalt(I) species in the hydrogenation of olefins.  
 Toward this end, parahydrogen (p-H2) was generated,43 and parahydrogen induced polarization (PHIP) 
NMR spectroscopy was performed to identify reaction intermediates. The use of PHIP NMR spectroscopy 
has successfully allowed for the detection of organometallic reaction intermediates, especially those 
employed in hydrogenation reactions, which normally would have been “invisible” toward 
characterization by conventional methods.44-46 The PHIP NMR data acquired was obtained by using a 45° 
pulse and with the use of a double quantum OPSY (only parahydrogen spectroscopy)47 filter in the 1H NMR 
spectrum following introduction of p-H2 at low field (following ALTADENA48 conditions). 
 The addition of p-H2 (4 atm) to a solution of (MesCCC)Co(N2)(PPh3) in benzene-d6 resulted in an identical 
1H NMR spectrum to that of (MesCCC)Co(H2)(PPh3); no polarization of any signals was detected. If 
polarization did occur, then it would provide direct evidence that the H-H bond is broken and oxidative 
addition on the metal center has occurred; however, since that is not the case, these results further 
support our initial formulation, in which (MesCCC)Co(H2)(PPh3) is best described as a dihydrogen complex 
(Figure 3.10).  
 The PHIP studies under catalytic conditions were explored next to probe the mechanism of observed 
catalysis. Upon the addition of p-H2 (4 atm) to a solution of (MesCCC)Co(N2)(PPh3) (2 mol %) and styrene in 
benzene-d6, polarization in the aliphatic and vinyl/aryl (sp2 C−H) regions were observed in the 1H and 1H- 
OPSY NMR spectra (Figure 3.11 (top) and Figure 3.11 (bottom), respectively). Resonances at 1.07 and 2.44 
ppm corresponding to the hydrogenation product of styrene demonstrate that both H atoms of the H2 
molecule add to the substrate in a concerted fashion (Figure 3.11 (top), known as ALTADENA). The 
polarization effect observed for resonances at 5.07, 5.59, 6.55, and 7.00−7.25 ppm suggests that a 
reversible exchange process in the hydrogenation reaction is operative (Figure 3.11 (bottom), SABRE). 
SABRE (signal amplification by reversible exchange) occurs by polarizing a substrate using p-H2 without 




any chemical transformation to the substrate.49 Duckett and co-workers49-51 have demonstrated the 
transfer of nuclear spin polarization to substrates without the incorporation of p-H2, while citing the 
importance of the reversible binding of the substrate, and, in addition, have provided a theoretical 
understanding of this process.52  In the observed studies herein, only some of the nuclear spin polarization 
1H NMR spectrum using a 45° pulse – C6D6 










Figure 3.11 1H NMR spectrum (top) and 1H-OPSY NMR spectrum (bottom) showing the hydrogenation of 
styrene using (MesCCC)Co(N2)(PPh3) with p-H2. 
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from p-H2 transfer to styrene without chemically modifying the substrates.  This indicates that the 
coordination of styrene and oxidative addition of H2 onto the Co(I) center proceeds in a joint manner, and 
that styrene coordination is reversible.  Furthermore, this signal enhancement was also observed in the 
1H-OPSY NMR spectrum when using 4-vinylcyclohexene as the substrate, suggesting this effect is general 
and specific to styrene (Figure 3.33).   
 
3.7 Mechanistic studies using D2  
 To further examine the reversible exchange process observed in the PHIP studies, the feasibility of 
deuterium incorporation into styrene was examined. Following the addition of D2 (4 atm) to a benzene 
solution of (MesCCC)Co(N2)(PPh3) (2 mol %) and styrene, the incorporation of deuterium was observed in 
the olefinic region (5.05, 5.58, and 6.55 ppm) of styrene and the aliphatic region of the product 
(ethylbenzene) within 1 h at room temperature, as assayed in the 2H NMR spectrum (Figure 3.12). The 
observation of (MesCCC)Co(H2)(PPh3), (MesCCC)Co(HD)(PPh3), H2 and HD gas in the 1H NMR spectrum 
following the completion of the reaction, as well as HD gas in the 2H NMR spectrum, are representative 
of another reversible reaction occurring over the course of catalysis (Figure 3.13).  The observation of H2 
and HD likely occurs via β-hydride elimination from a cobalt-alkyl complex. Deuterium labeling studies 
with cyclohexene revealed a similar scrambling process, indicating this process is general and not specific 
to styrene (Figures 3.30 and 3.31).  
2H NMR spectrum – C6H6 
C6D6 
* * * 
Figure 3.12 2H NMR spectrum of (MesCCC)Co(N2)(PPh3) and styrene under 4 atm of D2 for 1 h. *denotes 







3.8 Proposed mechanism for the catalytic hydrogenation of olefins by (MesCCC)Co(N2)(PPh3) 
 A comprehensive mechanistic picture of the catalytic hydrogenation process of (MesCCC)Co(N2)(PPh3) 
is proposed (Figure 3.14).  T1 relaxation and HD labeling studies have demonstrated that a dihydrogen 
complex is generated under an H2 atmosphere by displacing the N2 ligand from (MesCCC)Co(N2)(PPh3).  
Next, PHIP NMR data supports that olefin displacement of the bound phosphine (I-1) must occur. No signal 
enhancements were observed upon the addition of p-H2 to a solution containing only 
(MesCCC)Co(N2)(PPh3); the olefin must be present for this enhancement to occur. Moreover, the addition 
of excess PPh3 inhibits catalytic reactivity. Next, H2 oxidatively adds onto the metal center to generate a 
Co(III)-dihydride intermediate, I-2. The polarization of styrene by SABRE indicates that the formations of 
I-1 and I-2, as well as I-1 and (MesCCC)Co(H2)(PPh3), are reversible and that oxidative addition of H2 onto 
the cobalt center does occur. Following I-2 formation, migratory insertion generates a dihydrogen 
hydride, I-3. Detection of partially deuterated substrates is indicative of β-hydride elimination from I-3 to 
generate I-2, accompanied by dissociation of H2. The observation of HD and H2 in deuterium studies 
strongly suggests that HD exchange occurs via complexes I-3 and I-4, and further establishes that β-
hydride elimination must be operative.  Lastly, (MesCCC)Co(H2)(PPh3) is regenerated by reductive 
elimination of the alkane product and coordination of PPh3 to the cobalt complex. 
Figure 3.13 1H NMR spectrum of (MesCCC)Co(N2)(PPh3) and styrene under 4 atm of D2 for after 24 h. 
C6D6 H2 + HD 
Co-(HD) 





 In summary, a “Kubas-type” cobalt dihydrogen complex supported by a monoanionic bis(carbene) 
ligand platform was prepared and characterized in solution using multinuclear NMR studies. In the course 
of these studies, it was determined that Co(I)-(N2) precursors (MesCCC)Co(N2)(PPh3) and 
(MesCCC)Co(N2)(PPh3) exchange N2 for H2 and are able to facilitate the scrambling of H2 and D2, generating 
HD gas. Furthermore, (MesCCC)Co(N2)(PPh3) is competent toward the hydrogenation of olefins in the 
presence of hydrogen gas. A number of studies suggest the dihydrogen complex, (MesCCC)Co(H2)(PPh3), is 
the resting state of the active catalyst. Finally, the use of 1H, 2H, and PHIP NMR studies established a 
Co(I)/Co(III) was operative and has enabled the identification of key reaction intermediates and 
established the role of the cobalt(I) dihydrogen complex, (MesCCC)Co(H2)(PPh3), in the catalytic 




Figure 3.14 Proposed catalytic mechanism for the hydrogenation of olefins with (MesCCC)Co(H2)(PPh3). 
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3.10 Experimental section  
 General considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise.  All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.53 Chloroform-d, 
toluene-d8 and benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored 
over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was purchased from Sigma-Aldrich 
and recrystallized from toluene under an inert atmosphere prior to use. Celite® 545 (J. T. Baker) was dried 
in a Schlenk flask for 24 h under dynamic vacuum while heating to at least 150˚C prior to use in a glovebox. 
NMR Spectra were recorded at room temperature on a Varian spectrometer operating at 500 MHz (1H 
NMR) and 126 MHz (13C NMR) (U500, VXR500, UI500NB) and referenced to the residual C7D7H, CHCl3 and 
C6D5H resonance (δ in parts per million, and J in Hz). Potassium graphite (KC8),54 (MesCCC)CoCl2py and 
(MesCCC)Co(N2)(PPh3)31 were prepared according to literature procedures.  
 
Synthesis of metal complexes 
Preparation of (MesCCC)Co(H2)(PPh3):  A solution of (MesCCC)Co(N2)(PPh3) (0.005 g, 0.006 mmol) in ca. ½ 
mL of benzene-d6 or toluene-d8 was transferred to a J. Young tube and sealed.  The sample was subjected 
to three freeze-pump-thaw cycles and exposed to 1 atm of H2 at 77K and then allowed to warm ambient 
temperature resulting a color change of the solution to red-orange after agitating the mixture. After 
subjecting (MesCCC)Co(H2)(PPh3) to a freeze-thump-thaw cycle, the Co(n2-H2) complex was unchanged.  
Upon exposure to an N2 atmosphere, the gradual formation of (MesCCC)Co(N2)(PPh3) was observed by 1H 
NMR and the solution turned dark red. Elemental analysis or HRMS (ESI) were not performed since upon 
exposure to N2, the H2 ligand dissociates from the complex.  NMR data (in benzene-d6, 25 °C):  1H δ = 7.80 
(d, J = 7.5, 2H), 7.52 (d, J = 7.0, 2 H), 7.39 (m, 2 H), 7.31 (d, J= 7, 1H), 7.10 (t, J = 7.5, 2 H), 7.04 (m, 2H), 
6.97-6.88 (m, 7H) 6.86-6.82 (m, 2H), 6.80-6.75 (m, 6H), 6.66 (s, 2H), 6.54 (d, J = 7.5, 2H), 2.13 (s, 6H), 1.89 
(s, 6H), 1.36 (s, 6H), -5.48 (s, 2H). 13C δ = 144.7, 139.3, 139.1, 137.9, 137.7, 137.7 137.7, 136.9, 135.3, 
133.1, 133.0, 132.7, 129.8, 129.2, 128.0, 127.6, 127.6, 121.6, 121.5, 118.8, 109.5, 108.6, 105.9, 21.1, 19.0, 
17.4. NMR data (in toluene-d8, 25 °C):  1H δ = 7.76 (d, J = 7.5, 2H), 7.42 (d, J = 7.0, 2H), 7.32 (s, 2H), 7.22 (t, 
J = 6.5, 2H), 6.90-6.80 (m, 12H), 6.77-6.71 (m, 8H), 6.64 (s, 2H), 6.48 (d, J = 10, 2H), 2.14 (s, 6H), 1.82 (s, 




Preparation of (MesCCC)Co(D2)(PPh3):.  A solution of (MesCCC)Co(N2)(PPh3) (0.008 g, 0.009 mmol) in ca. ½ 
mL of toluene-d8 or toluene was transferred to a J. Young tube and sealed.  The sample was subjected to 
three freeze-pump-thaw cycles and exposed to 1 atm of D2 at 77K and allowed to warm to ambient 
temperature for 15 min.  After agitating the mixture, the color of the solution turned orange.  1H NMR 
data (in toluene-d8, 25 °C):  δ = 7.76 (d, J = 7.5, 2H), 7.42 (d, J = 7.0, 2H), 7.22 (t, J = 6.5, 1H), 6.90-6.80 (m, 
13H), 6.77-6.71 (m, 8H), 6.64 (s, 2H), 6.48 (d, J = 10, 2H), 2.14 (s, 6H), 1.82 (s, 6H), 1.30 (s, 6H).  2H NMR 
data (in toluene, 76.7 MHz, 25 °C):  δ = -5.66 (s, 2H). 
 
Preparation of (MesCCC)Co(HD)(PPh3): A solution of (MesCCC)Co(N2)(PPh3) (0.005 g, 0.006 mmol) in ca. ½ 
mL of toluene-d8 was transferred to a J. Young tube and sealed.  The sample was subjected to three freeze-
pump-thaw cycles and exposed to 1 atm of HD (generated from excess LiAlH4 and degassed D2O*) at 77K 
and let stand for 10 min at ambient temperature upon which the solution slowly turned red-orange.  1H 
NMR data (in toluene-d8, 25 °C):  δ = 7.76 (d, J = 7.5, 2H), 7.42 (d, J = 7.0, 2H), 7.32 (s, 2H), 7.22 (t, J = 6.5, 
1H), 6.90-6.80 (m, 12H), 6.77-6.71 (m, 7H), 6.64 (s, 2H), 6.48 (d, J = 7.5, 2H), 2.14 (s, 6H), 1.82 (s, 6H), 1.30 
(s, 6H), -5.56 (t, J = 33, ½ H) -5.60 (t, J = 33, ½ H). (*This is very exothermic and it is vital that this is carried 
out in absence of oxygen gas). 
 
Alternative preparation of (MesCCC)Co(HD)(PPh3): A solution of (MesCCC)Co(N2)(PPh3) (0.005 g, 0.006 
mmol) in ca. ½ mL of benzene-d6 was transferred to a J. Young tube and sealed.  The sample was subjected 
to three freeze-pump-thaw cycles and exposed to a mixture of H2 and D2 (50:50) at 1 atm and 77K.  The 
solution was warmed to ambient temperature and upon agitating the reaction mixture the color of the 
solution turned red-orange.  1H NMR data (in benzne-d6, 25 °C):  δ = δ = 7.80 (d, J = 7.5, 2H), 7.52 (d, J = 
7.0, 2 H), 7.39 (m, 2 H), 7.31 (d, J= 7, 1H), 7.10 (t, J = 7.5, 2 H), 7.04 (m, 2H), 6.97-6.88 (m, 7H) 6.86-6.82 
(m, 2H), 6.80-6.75 (m, 6H), 6.66 (s, 2H), 6.54 (d, J = 7.5, 2H), 2.13 (s, 6H), 1.89 (s, 6H), 1.36 (s, 6H), -5.46 (t, 
J = 33, ½ H), -5.49 (t, J = 33, ½ H). 
 
Preparation of (MesCCC)Co(N2)(PMe3):   A 20 mL scintillation vial was charged with (MesCCC)CoCl2py (0.222 
g, 0.294 mmol) and THF (10 mL).  A suspension of KC8 (0.087 g, 0.647 mmol) in THF (5 mL) was added to 
the mixture.  After stirring for 2 hours, the deep brown suspension was filtered over Celite and to the 
filtrate PMe3 (1.0 M in THF, 0.22 mL, 0.22 mmol), was added, resulting in the change of the mixture to 
dark red.  After stirring the solution for 1 h, the THF was removed under reduced pressure. The solid was 
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taken up in Et2O (3 x 5 mL), filtered over Celite, concentrated under pressure and triturated with hexanes 
(10 mL) to yield a red powder (0.160 g, 0.225 mmol, 77%). Crystals suitable for X-ray diffraction were 
grown from slow evaporation of a concentrated solution of complex (MesCCC)Co(N2)(PMe3) in hexanes at 
room temperature. NMR data (in benzene-d6, 25 °C):  1H δ = 7.87 (d, J = 7.5, 2H), 7.71 (d, J = 7.5, 2H), 7.46 
(t, J = 7.5, 1H), 7.10 (t, J = 7.5, 2H), 6.95 (t, J = 7.8, 2H), 6.83 (s, 2H), 6.72 (s, 2H), 6.62 (d, J = 7.5, 2H), 2.10 
(s, 6H), 2.09 (s, 6H), 2.02 (s, 6H), 0.45 (d, JCH3-P = 6.5, 9H). 13C δ = 209.6, 163.0, 143.1, 138.4, 138.4, 138.2, 
135.8, 134.4, 132.2, 130.2, 128.9, 121.8, 121.7, 118.6, 109.7, 108.3, 105.6, 21.1, 18.5, 18.4, 15.6, 15.4. IR:  
2114 cm-1 (N2). HRMS (ESI), calc. for C41H42CoN4P (M – N2)+: calculated 680.2479; found 680.2507. 
 
Preparation of (MesCCC)Co(H2)(PMe3): A solution of (MesCCC)Co(N2)(PMe3) (0.006 g, 0.008 mmol) in ca. ½ 
mL of benzene-d6 was transferred to a J. Young tube and sealed.  The sample was subjected to two freeze-
pump-thaw cycles and exposed 1 atm of H2 at 77K.  The reaction was warmed to room temperature for 
10 min and after agitating the mixture, the color of the solution turned red.  1H NMR data (in benzene-d6, 
25 °C): 7.88 (d, J = 8.5, 2H), 7.78 (d, J = 7.5, 2 H), 7.52 (t, J = 7.0, 1H), 7.09 (s, 2H), 6.93 (t, J = 8.0, 2H), 6.74 
(s, 2H), 6.72 (s, 2H), 6.54 (d, J = 7.5, 2H), 2.02 (s, 6H), 1.97 (s, 6H), 1.96 (s, 6H), 0.56 (d, JCH3-P = 6.5, 9H), -
5.77 (s, 2H). 13C δ = 144.2, 137.7, 137.5, 135.6, 135.3 134.9, 134.2, 132.4, 130.0, 129.1. 128.7, 121.4, 121.3, 
118.1, 109.4, 108.2, 105.4, 21.1, 19.4, 19.2, 18.8, 18.5, 18.3.  Elemental analysis or HRMS (ESI) were not 
performed since upon exposure to N2, the H2 ligand dissociates from the complex. T1 (minimum): 14 ms 
(298K). 
Preparation of (MesCCC)Co(D2)(PMe3): A solution of (MesCCC)Co(N2)(PMe3) (0.008 g, 0.011 mmol) in ca. ½ 
mL of benzene was transferred to a J. Young tube and sealed.  The sample was subjected to two freeze-
pump-thaw cycles and exposed 1 atm of D2 at 77K.  The reaction was warmed to room temperature for 
10 min and after agitating the mixture, the color of the solution turned red. 1H NMR data (in benzene-d6, 
25 °C): 7.88 (d, J = 8.5, 2H), 7.78 (d, J = 7.5, 2 H), 7.52 (t, J = 7.0, 1H), 7.09 (s, 2H), 6.93 (t, J = 8.0, 2H), 6.74 
(s, 2H), 6.72 (s, 2H), 6.54 (d, J = 7.5, 2H), 2.02 (s, 6H), 1.97 (s, 6H), 1.96 (s, 6H), 0.56 (d, JCH3-P = 6.5, 9H). 2H 
NMR data (in benzene, 76.7 MHz, 25 °C): -5.86 (s). 
Preparation of (MesCCC)Co(HD)(PMe3): A solution of (MesCCC)Co(N2)(PMe3) (0.009 g, 0.013 mmol) in ca. ½ 
mL of benzene-d6 was transferred to a J. Young tube and sealed.  The sample was subjected to two freeze-
pump-thaw cycles and exposed to a mixture of D2 and H2 gas (0.5:0.5 atm) at 77K.  The reaction was 
warmed to room temperature for 10 min and after agitating the mixture, the color of the solution turned 
red.  1H NMR data (in benzene-d6, 25 °C) 7.88 (d, J = 8.5, 2H), 7.78 (d, J = 7.5, 2 H), 7.52 (t, J = 7.0, 1H), 7.09 
60 
 
(s, 2H), 6.93 (t, J = 8.0, 2H), 6.74 (s, 2H), 6.72 (s, 2H), 6.54 (d, J = 7.5, 2H), 2.02 (s, 6H), 1.97 (s, 6H), 1.96 (s, 
6H), 0.56 (d, JCH3-P = 6.5, 9H), -5.75 (t, J = 32, ½ H), -5.79 (t, J = 32, ½ H). 
 
Determination of T1: T1 (minimum): 12 ms (253 to 313K). Measurements were obtained on a 500 MHz 
spectrometer of (MesCCC)Co(H2)(PPh3) in toluene-d8 from 203 K to 343 K by the standard inversion 
recovery pulse sequence method.  T1 (minimum) of (MesCCC)Co(H2)(PMe3) was assumed to behave in a 
similar manner and only a room temperature T1 measurement of Co-(H2) resonance was collected. 
 
  
Table 3.3 Crystallographic parameters for (MesCCC)Co(N2)(PMe3). 
  (MesCCC)Co(N2)(PMe3) 
cd34w 
Empirical Formula C41 H42 Co N6 P 
Formula Weight 708.71 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P 21/n 
Unit Cell Dimensions 
a = 7.8946(3)Å 
b = 16.5851(5) Å 
c = 27.3473(10) Å 
α= 90° 
β= 94.4478 (12)° 
γ = 90° 
Volume 3569.9(2) Å3 
Z 4 
Reflections collected 88825 
Independent reflections 7884 
Goodness-of-fit on F2 1.098 
Final R indices 
[I>sigma(l)] 
R1 = 0.0386 











Table 3.4 Selected bond lengths and angles for (MesCCC)Co(N2)(PMe3). 
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The 1H NMR spectra (toluene-d8) of the downfield (Figures 3.15 and 3.16) and upfield (Figures 3.17 and 










Figure 3.16 1H NMR spectrum showing the downfield region of (MesCCC)Co(H2)(PPh3) from -50°C 
to -80°C. 
 











General procedure for olefin hydrogenation studies. A standard J. Young NMR tube was charged with a 
solution of olefin, 1,3,5-trimethylbenzene (internal standard) and (MesCCC)Co(N2)(PPh3) (2 mol%) in ca. ½ 
ml of benzene-d6.  The sample was subjected to two freeze-pump-thaw cycles and H2 gas (1 atm) was 
added at 77K on a high-vacuum line.  The sample was allowed to warm to ambient temperature, resulting 
in 4 atm of H2 gas.  The catalytic reaction was monitored by 1H and 13C NMR spectroscopy. Each catalytic 
experiment was reproduced.  Control experiments were carried under similar catalytic conditions. Using 
(MesCCC)CoCl2py (2 mol%) and styrene, no hydrogenation of the olefin was observed. The use of 
(MesCCC)Co(N2)(PPh3) (2 mol%) with one drop of Hg displayed similar results for the hydrogenation of 
styrene. 
Hydrogenation with (MesCCC)Co(H2)(PPh3). 
A 50 mL schlenk flask charged with (MesCCC)Co(N2)(PPh3) (0.020 g, 0.0225 mmol) and 5 mL of benzene was 
subjected to three freeze pump thaw cycles and placed under 1 atm of H2 gas. Styrene (0.127 mL, 1.105 
mmol) was degassed using argon and transferred to the solution of (MesCCC)Co(H2)(PPh3) via an airtight 
syringe.  The reaction was stirred at room temperature for 2 hours and complete conversion to 





















Figure 3.19 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
styrene under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and styrene 
under 4 atm of H2 after 2 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene 












Figure 3.20 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 1-
octene under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 1-octene 
under 4 atm of H2 after 3 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3)  (2%), mesitylene 
















Figure 3.21 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
hex-5-en-2-one under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
hex-5-en-2-one under 4 atm of H2 after 2 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) 











Figure 3.22.  1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
2,2-dimethylpent-4-enal under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), 
mesitylene (*) and 2,2-dimethylpent-4-enal under 4 atm of H2 after 22 h (middle).  13C NMR 
spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 2,2-dimethylpent-4-enal under 4 atm of 












Figure 3.23 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
but-3-en-1-ol under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
but-3-en-1-ol under 4 atm of H2 after 22 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) 












Figure 3.24 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-
vinylpyridine under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-
vinylpyridine under 4 atm of H2 after 22 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) 











Figure 3.25 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
isoprene under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
isoprene under 4 atm of H2 after 21 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), 














Figure 3.26 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-
vinylcyclohexene under N2 (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
4-vinylcyclohexene under 4 atm of H2 after 2 h (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) 












Figure 3.27.  1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-
vinylcyclohexene under N2 (top-blue).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene 
(*) and 4-vinylcyclohexene under 4 atm of H2 after 2 h (top-green) at rt.). 1H NMR spectrum of 
(MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-vinylcyclohexene under 4 atm of H2 after 19 h (top-
red) at 60oC.  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 4-
















Figure 3.28 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
cyclohexene under N2 (top).  1H NMR spectrum (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and 
cyclohexene under 4 atm of H2 after 24 h at 60oC (middle).  13C NMR spectrum of (MesCCC)Co(N2)(PPh3) 











Figure 3.29 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and cis-
5-norbornene-endo-2,3-dicarboxylic anhydride under N2 (top-teal).  1H NMR spectrum 
(MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and cis-5-norbornene-endo-2,3-dicarboxylic anhydride 
under 4 atm of H2 of after 17 h at 60oC (top-red). 2H NMR (C6H6, 76.7 MHz) spectrum of 
(MesCCC)Co(N2)(PPh3) (2%), mesitylene (*) and cis-5-norbornene-endo-2,3-dicarboxylic anhydride 
under 4 atm of D2 after 17 h at 60oC (top-red). 13C NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%), 














Styrene: A standard J. Young NMR tube was charged with a solution of styrene (12 μL, 0.112 mmol) and 
(MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene-d6.  The sample was subjected to two 
freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-vacuum line.  The sample was 
allowed to warm to ambient temperature, resulting in 4 atm of D2 gas.  After letting sample sit at room 
temperature for 1 hour a 1H NMR was taken (Figure 3.12).  Another 1H NMR was taken after 2 h at room 
temperature and is shown in Figure 3.13.  
Cyclohexene: A standard J. Young NMR tube was charged with a solution of cyclohexene (11 μL, 0.112 
mmol) and (MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene-d6.  The sample was 
subjected to two freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-vacuum line.  
The sample was allowed to warm to ambient temperature, resulting in 4 atm of D2 gas.  After letting 
sample sit at 60oC for 1 hour a 1H NMR was taken (Figure 3.27, below-teal).  Another 1H NMR was taken 
after 48 h at 60oC and is shown below in maroon, Figure 3.27.  
Figure 3.30  1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%) and cyclohexene under 
4 atm of D2 after 1 h at 60oC (top).  1H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%) and cyclohexene 
under 4 atm of D2 of after 48 h at 60oC (bottom). 
H2 + HD 
H2 + HD 
Co(H2) + Co-(HD) 
Co(H2) + Co-(HD) 
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A standard J. Young NMR tube was charged with a solution of cyclohexene (12 μL, 0.112 mmol) and 
(MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene.  The sample was subjected to two 
freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-vacuum line.  The sample was 
allowed to warm to ambient temperature, resulting in 4 atm of D2 gas.  After letting sample sit at 60oC for 
1 hour a 2H NMR was taken (below-teal).  Another 2H NMR was taken after 48 h at 60oC and is shown 
below in marron. 
 
 
Figure 3.31 1H NMR (C6H6, 76.7 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2%) and cyclohexene 
under 4 atm of D2 after 1 h at 60oC (top).  2H NMR spectrum of (MesCCC)Co(N2)(PPh3) (2%) and 











Parahydrogen induced polarization NMR studies 
Sample Preparation. A standard J. Young NMR tube was charged with a solution of styrene (6 μL, 0.056 
mmol) and (MesCCC)Co(N2)(PPh3) (0.001 g, 0.0011 mmol) in ca. ½ ml of benzene-d6.  The sample was 
subjected to two freeze-pump-thaw cycles and p-H2 gas (1 atm) was added at 77K on a high-vacuum line.  
The sample was kept frozen in liquid nitrogen and warmed to ambient temperature and shaken 
immediately prior to interesting into the NMR spectrometer.  The ALTADENA effect was thus observed.  
The spectra were collected at 20oC. Increasing the temperature of the probe to 75oC only prolonged the 
lifetime and intensity of the polarized signals. 
NMR Spectrometer. All PHIP NMR data presented herein were collected on a Varian UNITY INOVA 500 
NB High-Resolution NMR Console with a 5mm Varian 1H{13C/15N} PFG Z probe.  All spectra were collected 
in benzene-d6 and the residual solvent resonance was referenced to 7.16 ppm.  1H NMR spectra were 
recorded using 45o pulse angle. The spectral window of 30 ppm was used in both proton and 1H-OPSY 
experiments.  1H-OPSY NMR data was collected via a double quantum coherence pathway using the pulse 
sequence below (Figure 3.32).  The OPSY spectra are anti-phase peaks, and they are generally displayed 
with absolute mode in the following spectra.55,56  
Generation of para-hydrogen.  A parahydrogen converter was used to generate the para-H2 enriched 
hydrogen gas. This consisted of copper tubing filled with a hydrous ferric oxide catalyst that was cooled 
to 15 K using a closed-cycle 4He cryostat. A detailed description of the converter can be found in Tom et 
al., which was able to consistently convert naturally occurring hydrogen gas (3:1 ortho:para) to 99.99% 
para-H2.43  
 
Figure 3.32 Double quantum OPSY pulse sequence (OPSY-d): the vertical bar at 1H channel 
represents S/2 pulse.  Phase cycle: I1: (y)4(x)4, I2: (x)4(y)4, rec: (x)4(y)4.   Z Gradient:  50 G/cm 
rectangular gradient was used.  First gradient was applied for 1ms in the opposite direction of the 
second gradient which was applied for 2ms.  0.5ms gradient recovery delays were used after each 





Figure 3.33 1H NMR (C6D6, 500 MHz, 45o pulse) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and 4-
vinylcyclohexene under 4 atm of p-H2 at 20oC (top).  1H-OPSY NMR spectrum of 







1H-OPSY NMR spectrum 
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CHAPTER 4: SEMIHYDROGENATION OF ALKYNES USING A WELL-DEFINED NONCLASSICAL COBALT-H2 
CATALYST: A PARAHYDROGEN INDUCED POLARIZATION NMR STUDY INTO THE ORIGIN OF  
E-SELECTIVITY† 
 
4.1 Introduction  
 The semihydrogenation of alkynes to alkenes is a noteworthy transformation in the bulk and fine 
chemical industries.1 Heterogeneous systems such as Lindlar’s catalyst, Pb-poisoned Pd on CaCO3,2 are 
commonly utilized to accomplish this transformation, yielding the corresponding Z-alkene. Homogenous 
counterparts such as Wilkinson’s catalyst3 and the widely utilized cationic Schrock−Osborn rhodium 
system4,5 are also capable of the semihydrogenation of alkynes to Z-alkenes. However, the formation of 
E-alkenes by means of hydrogenation is much more difficult. This is, in part, due to the nature of H2 
addition, favoring one side of the substrate and thereby adding in a cis-manner. Birch-type reductions, 
which dissolve metals in ammonia, circumvent this challenge by providing good E-selectivity; however, 
the conditions employed for this transformation are incompatible with highly functionalized alkynes. 
Increased functional group tolerance has been achieved with the use of chromium reagents,6,7 and more 
recently, transition-metal systems featuring Ir,8 Ru,9 Pd,10,11 and Co;12 however, these processes are 
accompanied by stoichiometric amounts of waste. 
 Recently, Fürstner13,14 and Bargon15 reported trans-selective cationic Ru alkyne hydrogenation 
catalysts, through which direct trans-hydrogenation was operative.  More commonly, E-selectivity is 
achieved by means of Z to E isomerization under the catalytic conditions employed. For example, 
Furukawa and Komatsu16 reported a tandem heterogeneous catalytic system consisting of Pd3Pb/SiO2 for 
alkyne semihydrogenation and RhSb/SiO2 for trans-isomerization yielding E-selective products in good 
yields; however, the need for two catalyst types coupled to the environmental concerns that arise with 
the use of lead make this process less desirable. A heterobimetallic silver−ruthenium system17 and an iron 
pincer catalyst18 have also been reported for the semihydrogenation of alkynes, with the Z to E 
isomerization occurring at elevated temperatures (≥90 °C). The use of atom-economical reagents,19,20 as 
well as the reclusion of noble-metal complexes, are important considerations in developing 
environmentally benign catalytic system.21,22  
                                                          
† Portions of this chapter are reproduced from the following publications with permission from the authors. Tokmic, K.; Fout, A. 
R. Alkyne Semihydrogenation with a Well-Defined Nonclassical Co-H2 Catalyst: A H2 Spin on Isomerization and E-Selectivity. J. Am. 
Chem. Soc. 2016, 138, 13700-13705.  
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 The initial interest in hydrogenation began with the discovery of a catalytically active cobalt 
dihydrogen complex (MesCCC)Co(H2)(PPh3), (MesCCC = bis(mesityl-benzimidazol-2-ylidene)phenyl), that was 
generated from the addition of H2 to (MesCCC)Co(N2)(PPh3), (Scheme 4.1).23 In these studies, 
(MesCCC)Co(H2)(PPh3) was demonstrated to be selective toward the hydrogenation of terminal olefins 
under ambient conditions, while the hydrogenation of internal olefins proceeded at higher temperatures.  
With the use of 1H, 2H and para-hydrogen (p-H2) induced polarization (PHIP) transfer NMR spectroscopy, 
catalytically relevant intermediates were identified and the role of (MesCCC)Co(H2)(PPh3) in a Co(I)/Co(III) 
redox process was established. Interested in further examining the catalytic reactivity of the low-valent 
cobalt bis(carbene) complex using H2 and informed by the mechanistic insights gleaned from the alkene 
hydrogenation, the semihydrogenation of alkynes was investigated. It was hypothesized that the catalytic 
hydrogenation of internal alkynes using (MesCCC)Co(N2)(PPh3) and H2 would result in the formation of 
internal olefins; if this reaction could proceed at low temperatures then further reduction of the olefin by 
the cobalt catalyst would be limited.   
 In this chapter the utility of (MesCCC)Co(N2)(PPh3) toward the E-selective semihydrogenation of 
internal alkynes using H2 under mild conditions is described. A detailed mechanistic understanding, 
informed by multinuclear and PHIP transfer NMR studies of this process, has elucidated that the formation 
of E-alkenes occurs first by cis-hydrogenation of the alkyne, followed by trans-isomerization.  
 
4.2 Initial catalytic studies and optimization of reaction conditions  
 The initial experiments focused on investigating reaction conditions (catalyst loading, temperature, 
and solvent), as well as conducting appropriate control experiments, using diphenylacetylene as a model 
substrate (Table 4.1).  The use of (MesCCC)Co(N2)(PPh3) (2 mol %) in THF at 30 °C and 4 atm of H2 resulted 
in 80% conversion to the alkene with a high E/Z ratio (Table 4.1, entry 1). Lowering the catalyst loading to 
1% resulted in increased conversion to the alkene (Table 4.1, entry 2) and changing the solvent to benzene 
did not affect the outcome of the reaction (Table 4.1, entry 3). Furthermore, increasing the temperature 
in increments of 10 °C only resulted in higher amounts of the alkane product, while the E/Z ratio of the 
Scheme 4.1 Synthesis of (MesCCC)Co(H2)(PPh3) from (MesCCC)Co(N2)(PPh3). 
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alkene product remained the same (Table 4.1, entries 4 and 5). Lowering the pressure of H2 to 1 
atmosphere did not change the yield of the reaction (Table 4.1, entry 6). In addition, the use of the 
imidazolium ligand precursor (Table 4.1, entry 7) or catalyst precursors (Table 4.1, entry 8) resulted in no 
product formation and only starting material was recovered.  
 To understand the role of phosphine in the catalytic sequence, the equivalents of PPh3 were varied 
(Table 4.1, entries 9 and 10). Increasing the amounts of PPh3 resulted in lower to no conversion of the 
alkyne to product, likely due to competiting binding of the phosphine and the alkyne to the metal center. 
Furthermore, to confirm that this reaction is homogeneous,24 one drop of mercury was added under 
catalytic conditions, and no change in product outcome was observed (Table 4.1, entry 11). 
 
4.3 Substrate scope 
 Encouraged by the preliminary studies and utilizing the optimized reaction conditions (THF as the 
solvent at 30 °C with 4 atm of H2), the utility of (MesCCC)Co(N2)(PPh3) toward the semihydrogenation of an 
range of substrates bearing a variety of functional groups was investigated (Table 4.2). Para-substituted 
diphenylacetylenes featuring electron-donating and -withdrawing groups (2b and 2c, respectively) 
proceeded with excellent E/Z selectivity and good yields. Additionally, an asymmetric para-substituted 
diphenylacetylene featuring a boronate ester and methoxy group (2e) was tolerated under these 
conditions, proceeding in good yields and E/Z selectivity. Dialkyl-substituted acetylene (2d) resulted in the 
Table 4.1 Control experiments and optimization of the semihydrogenation of diphenylacetylene. 
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full conversion to the alkene products with lower selectivity for the E isomer; the over-reduced alkane 
byproducts, however, were not detected by GC-MS or 1H NMR spectroscopy.  
   The catalytic activity of (MesCCC)Co(N2)(PPh3) toward the reduction of terminal alkynes was 
examined to understand the limitations of the catalytic system. The attempted hydrogenation of 
phenylacetylene resulted in catalyst decomposition, and no hydrogenation of the product was observed. 
Upon employing a protecting group (trimethylsilyl, TMS), 2f, the reaction proceeded with good E/Z 
selectivity and the silyl group remained intact under these conditions, whereas acidic conditions employed 
in a Pd-catalyzed alkyne reduction25 resulted in cleavage of the TMS group. The catalytic system was 
further extended to include methyl, methoxy, and bromo ortho-substituted derivatives (2g−2i) of 2f. 
Interestingly, a derivative featuring an amine group did not proceed well (<1% conversion) under these 
conditions, likely because of binding of the amine to the metal center. A modification of the reaction 
conditions by increasing the temperature to 90 °C and lowering the H2 pressure (1 atm) of the reaction 
successfully obviated this difficulty, resulting in reduction of the substrate, 2j, to the E product in high 
yields. Similarly, a substrate bearing a hydroxyl functionality is tolerated, but proceeded with lower E/Z 
selectivity (2k) under standard reaction conditions. Furthermore, substrates featuring furanyl, thienyl, and 
imidazolyl groups (2l−2n) exhibited good yields and excellent E/Z selectivity under regular reaction 
conditions. Lastly, we examined the semihydrogenation of a substrate bearing two internal alkynes. Under 
Table 4.2 Substrate scope 
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optimized catalytic conditions, the reduction of 2o resulted in excellent E/Z selectivity of both C=C bonds 
in good yield. 
 These results clearly show the general applicability of this approach toward the semihydrogenation 
of a variety of alkynes using H2 and (MesCCC)Co(N2)(PPh3) under ambient conditions. The retention of 
excellent E/Z selectivity and yield upon a half-gram scale for the semihydrogenation of diphenylacetylene 
demonstrates the potential of this system in organic synthesis. However, in some cases less than ideal E/Z 
selectivity and over-reduction of the alkenes were also observed. To envision the full potential of this 
system, mechanistic studies of this process were undertaken, as such studies would promote further 
progress in limiting over-reduction to alkanes and increasing E-selectivity. 
 
4.4 Mechanistic studies – hydrogenation 
 Fürstner and co-workers13 reported a ruthenium system that was competent toward the semi- 
hydrogenation of alkynes to E-alkenes. A follow-up NMR study employing PHIP transfer, supplemented 
by computational work14 and earlier studies of ionic ruthenium platforms by Bargon and co-workers,15 
provided unambiguous evidence of direct trans-hydrogenation of alkynes. Accordingly, to gain insight into 
the observed semihydrogenation activity of (MesCCC)Co(N2)(PPh3) with H2, multinuclear and PHIP transfer 
NMR studies were performed. If the p-H2 molecules are transferred in a pairwise manner to magnetically 
distinctive positions on a substrate while remaining mutually coupled and occur faster than the relaxation 
rate of the protons, then a characteristic hyperpolarized emission and absorption signals should be 
observed in the 1H NMR spectrum.26  This technique would provide direct evidence for cis- or trans-
hydrogenation since the resulting spectrum would provide unequivocal information on the initial addition 
of the hydrogen atoms to the substrate.  In the mechanistic studies, a 45° pulse and a double quantum 
OPSY27 (Only Parahydrogen Spectroscopy) filter in the 1H NMR experiment were employed following 
introduction of p-H2 at low-field (ALTADENA28 conditions; see chapter 1 for description). 
 A set of representative alkynes (2e, 2f, 2h, 2i, and 2l) was investigated to examine if cis- or trans-
hydrogenation is operative. The addition of p-H2 (4 atm) to a benzene-d6 solution containing 
(MesCCC)Co(N2)(PPh3) (2 mol %) and 2f (Figures 4.1), 2e, 2h, 2i,or 2l (Figures 4.10−4.13) at 30 and 75 °C29 
each resulted in the enhancement of the resulting alkene product resonances in the 1H NMR spectrum. 
Based on the coupling constant of the resulting hyperpolarized alkene product of 2f (3JHH = 14.4 and 14.0 
Hz), it was determined that cis-addition occurs under catalytic conditions. Furthermore, 2e, 2h, 2i, and 2l 
all displayed alkene coupling constants consistent with cis-addition and no signals corresponding to the 
trans-alkene products were observed by the PHIP transfer NMR experiments in this set of alkynes. In 
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addition, these data also demonstrate that both H atoms of p-H2 add to the alkyne in a concerted fashion, 
similar to our previously reported olefin hydrogenation with (MesCCC)Co(N2)(PPh3).23 Since trans-
hydrogenation is not operative in the catalytic process and the more thermodynamically stable E-alkene 
products are formed throughout, we hypothesized that the generated cis-alkenes are converted to trans-
alkenes via a cobalt-mediated isomerization process. Even though the Z to E isomerization is 
thermodynamically favorable, examples of cobalt-mediated systems capable of such processes are 
rare.12,30  
 
Figure 4.1 1H-OPSY (top) and 1H NMR using a 45° pulse (C6D6) spectra of 
(MesCCC)Co(N2)(PPh3) (2 mol%) and 2f under 4 atm of  p-H2  at 75 °C. 
1H-OPSY NMR spectrum – C6D6 
1H-45° NMR spectrum – C6D6 
3J = 14.0 Hz 3J = 14.4 Hz 
3J = 14.0 Hz 3J = 14.4 Hz 
92 
 
4.5 Mechanistic studies – isomerization 
Figure 4.2 Cis-stilbene with (MesCCC)Co(N2)(PPh3) (2 mol%) under 4 atm of  H2 (top) and cis-stilbene 
with (MesCCC)Co(N2)(PPh3) (2 mol%) in the absence of 4 atm of H2 (bottom). 
Figure 4.3 1H NMR spectrum of (MesCCC)Co(H2)(PPh3) and cis-stilbene under D2 (4 atm)  after 2 h 
at room temperature (top).  2H NMR spectrum of (MesCCC)Co(H2)(PPh3) and cis-stilbene under D2 
(4 atm)  after 2 h at room temperature (bottom). (* denotes alkane (sp3-CD2) protons). 
2H NMR spectrum – C6H6 
1H NMR spectrum – C6D6 




H2 + HD 
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 To test our hypothesis, a solution consisting of cis-stilbene and (MesCCC)Co(N2)(PPh3) (2 mol %) was 
stirred at room temperature under 4 atm of H2 for 2 h (Figure 4.2). The formation of trans-stilbene (78%) 
from cis-stilbene was detected by GC-MS (Figure 4.2). When H2 gas was omitted, no isomerization 
occurred at 30 °C, but 30% isomerization to trans-stilbene was observed after heating the reaction to 80 
°C for 18 h. Nevertheless, under catalytic conditions, the involvement of (MesCCC)Co(H2)(PPh3) is clearly 
evident (vide infra) in the formation of trans-alkenes. 
 To understand if β-hydride elimination of a Co(III)-alkyl intermediate may be involved in the 
isomerization process, isotopic labeling experiments were performed. A solution of (MesCCC)Co(N2)(PPh3) 
(2 mol %) and cis-stilbene under 4 atm of D2 at room temperature was monitored by 1H and 2H NMR 
spectroscopy (Figure 4.3). From the 2H NMR spectrum, the incorporation of deuterium into trans-stilbene 
and 1,2-diphenylethane was observed, in addition to the formation of HD gas (Figure 4.3). The 1H NMR 
spectrum also revealed the formation of H2 and HD, as well as (MesCCC)Co(H2)(PPh3) and 
(MesCCC)Co(HD)(PPh3) (Figure 4.3).  Furthermore, comparable results were observed when using cis-4-
octene and 55% deuterium incorporation only into the olefinic region of trans-4-octene was observed 
after 5 h (Figure 4.9). These results support β-hydride elimination from a Co(III)-alkyl intermediate and is 
the basis for the observed E-selectivity in the semihydrogenation of alkynes. 
Figure 4.4 1H-OPSY NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol %) and cis-4-octene 
under 4 atm of p-H2 at 25 °C. 
1H-OPSY NMR spectrum – C6D6 
HZ HE HP 
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 In an effort to gain further insight into the catalytic reaction, a solution consisting of 
(MesCCC)Co(N2)(PPh3) (2 mol %) and cis-4-octene under 4 atm of p-H2 in benzene-d6 was monitored by 1H-
OPSY NMR spectroscopy (Figures 4.4). Polarization of the olefinic and the α-carbon protons of cis-4-
octene, as well as the isomerized trans-4-octene, were observed. Akin to the deuterium studies, reduction 
of the substrate did not occur. This polarization is due to a SABRE (Signal Amplification By Reversible 
Exchange) effect.31-33 This effect polarizes the 1H NMR resonances of the substrate using p-H2 without a 
chemical modification to the substrate. Duckett and co-workers31 cited the importance of reversible 
binding of a substrate for this effect and provided a theoretical rationale for this process.34 
 
4.6 Proposed mechanism  
  Based on the 1H, 2H, and PHIP transfer NMR studies, a comprehensive mechanistic pathway for the 
catalytic semihydrogenation alkynes using (MesCCC)Co(N2)(PPh3) is presented in Figures 4.5. The formation 
of (MesCCC)Co(H2)(PPh3) from (MesCCC)Co(N2)(PPh3) results under a H2 atmosphere, as well as the reverse 
reaction under a N2 atmosphere.23 Inhibition of hydrogenation by the addition of excess PPh3 supports 
ligand-substrate exchange between (MesCCC)Co(H2)(PPh3) and I-1. The alkyne dihydrogen complex, I-1, is 
generated in the presence of alkyne and, upon oxidative addition of H2 onto the metal center, 
Figure 4.5 Proposed catalytic cycle for the cis-hydrogenation of internal alkynes, followed by trans-
isomerization using (MesCCC)Co(N2)(PPh3) (2 mol %) and H2. 
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intermediate I-2 results. The observation of the PHIP enhanced cis-alkene product requires the formation 
of intermediate I-2. Next, migratory insertion of the alkyne forms a Co(III)-(η1-vinyl) hydride/dihydrogen 
species, I-3. Finally, reductive elimination of the cis-alkene and coordination of PPh3 regenerates the active 
species, (MesCCC)Co(H2)(PPh3). 
 Isomerization to the trans-alkene product (Figure 4.5, trans-isomerization) commences with the 
coordination of the cis-olefin to (MesCCC)Co(H2)(PPh3) by phosphine displacement, resulting in I-4. The 
polarization of 4-octene through the SABRE effect indicates I-4 and I-5 are reversible. Following oxidative 
addition of H2 onto the cobalt center, migratory insertion results in the Co(III)-alkyl dihydrogen/hydride 
species (I-6 and I-7). The formation of HD and H2 established from deuterium studies is a result of the 
exchange between I-6 and I- 7 and confirms that β-hydride elimination is operative in the isomerization 
of cis-alkene to trans-alkene (Figure 4.5, pathway a). This is further supported by deuterium incorporation 
into the trans-olefin exclusively upon cis-olefin isomerization using D2. Therefore, formation of I-5 from I-
6 or I-7 does not occur. In competition with β-hydride elimination, reductive elimination of the alkane 
product (Figure 4.5, pathway b), albeit kinetically slower, is also operative. 
 
4.7 Conclusion 
 In conclusion, the catalytic utility of (MesCCC)Co(N2)(PPh3) was extended toward the 
semihydrogenation of a broad scope of internal alkynes with excellent selectivity toward E-alkenes. 
Spectroscopic 1H, 2H, and PHIP transfer NMR studies enabled the identification of key reaction 
intermediates and established that cis-hydrogenation occurs first, followed by trans-isomerization under 
a H2 atmosphere to yield the corresponding E-alkenes. Lastly, this system signifies an atom-economical 
route toward the preparation of a wide variety of E-alkenes from alkynes under relatively mild conditions 
and mechanistic investigations of this process have the potential to further guide development in this 
area of study. 
 
4.8 Experimental section  
 General considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise. All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.35 Chloroform-d, and 
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benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored over 4 Å 
molecular sieves prior to use. Lithium hexamethyldisilazane was purchased from Sigma-Aldrich and 
recrystallized from toluene under an inert atmosphere prior to use. Celite® 545 (J. T. Baker) was dried in 
a Schlenk flask for 24 h under dynamic vacuum while heating to at least 150˚C prior to use in a glovebox. 
NMR Spectra were recorded at room temperature on a Varian spectrometer operating at 500 MHz (1H 
NMR) and 126 MHz (13C NMR) (U500, VXR500, UI500NB) and referenced to the residual CHCl3 and C6D5H 
resonance (δ in parts per million, and J in Hz). Potassium graphite (KC8),36 (MesCCC)CoCl2py37 and 
(MesCCC)Co(N2)(PPh3)37 were prepared according to literature procedures.  
 
General procedure for alkyne hydrogenation studies. A 50 mL storage vessel charged with 
(MesCCC)Co(N2)(PPh3) (0.020 g, 0.0225 mmol), alkyne and 4 mL of THF was subjected to two freeze pump 
thaw cycles and placed under 1 atm of H2 gas at 77K. The mixture was allowed to warm to room 
temperature, resulting in 4 atm of H2 gas. In the case of where 1 atm of H2 was utilized, upon degassing 
after 2 freeze pump thaw cycle, the reaction vessel was allowed to warm to room temperature for 30 min, 
then 1 atm of H2 gas introduced.  The flask was placed in a 30 oC oil bath to ensure a consistent 
temperature was used in all catalytic runs. After 17h, the reaction was removed from the oil bath, the H2 
gas was vented and the reaction was analyzed by GCMS to determine conversion. In all cases (2a to 2o), 
alkyne starting material was not detected by GCMS after the completion of the reaction. Alkene 
conversion is listed below accompanied by alkane in parenthesis. The THF was removed under reduced 
pressure and the crude mixture was purified by through a silica plug, eluting with the corresponding 
solvent (vide infra). Selectivity was determined by NMR spectroscopy. 1,2-di-p-tolyethyne and 1,2-bis(4-
fluorophenyl)ethyne were prepared according to literature procedures.38  4-[(Trimethylsilyl)ethynyl]-
phenylboronic acid pinacol ester, 3-[(trimethylsilyl)ethynyl]thiophene and cis-4-octene were purchased 







(E)-1,2-diphenylethene: (2a)39 NMR data (in CDCl3, 25 °C, 500 MHz): 1H: 
δ = 7.53 (d, J = 8.0, 4H), 7.37 (t, J = 7.3, 4H), 7.23-7.29 (m, 2H), 7.12 (s, 
2H). 13C δ = 137.4, 128.8, 127.8, 126.6. Conversion to alkene was 82% 
(18). Isolated Yield: (16.0 mg, 0.0888 mmol, 79%) E:Z (>99). 
(MesCCC)Co(N2)(PPh3) (0.001 g, 0.0011 mmol) loading was 1%.  Final 
product was purified by filtering the crude mixture over silica gel and 
eluting with hexanes. Increased scale: (MesCCC)Co(N2)(PPh3) (27 mg, 
0.0302 mmol), diphenylacetylene (0.540g, 3.030 mmol) and 108 mL of 
THF were used.  After standard workup, 2a (435.4 mg, 2.415 mmol, 80 %) 
was isolated. 
(E)-1,2-di-p-tolylethene: (2b)40 NMR data (in CDCl3, 25 °C, 500 MHz): 1H: 
δ = 7.40 (d, J = 8.0, 4H), 7.16 (d, J = 8, 4H), 7.04 (s, 2H), 2.36 (s, 6H). 13C δ 
= 129.5, 127.7, 126.4, 21.4. Conversion to alkene was 96% (4).  Isolated 
Yield: (10.5 mg, 0.0504 mmol, 90%) E:Z (>99). (MesCCC)Co(N2)(PPh3) 
loading was 2%. Final product was purified by filtering the crude mixture 
over silica gel and eluting with hexanes.  
(E)-1,2-bis(4-fluorophenyl)ethene: (2c)40 NMR data (in CDCl3, 25 °C, 500 
MHz): 1H: δ = 7.44-7.48 (m, 4H), 7.02-7.09 (m, 4H), 6.98 (s, 2H). 13C δ = 
128.1, 128.0, 127.4, 115.9, 115.7. 19F δ = -114.63. Conversion to alkene 
was 75% (25). Isolated Yield: (8.9 mg, 0.0560 mmol, 73%) E:Z (>99). 
(MesCCC)Co(N2)(PPh3) loading was 2%.  Final product was purified by 
filtering the crude mixture over silica gel and eluting with hexanes. 
 (E)-dec-5-ene: (2d) NMR data (in CDCl3, 25 °C, 500 MHz): 1H: δ =5.41-5.37 
(m, 2H), 2.01-1.94 (m, 4H), 1.37-1.27 (m, 8H), 0.95-0.86 (m, 6H). 13C δ = 
130.5, 32.5, 32.0, 22.4, 14.1. Conversion to alkene was 100%.  Isolated 
Yield: (21.7 mg, 0.155 mmol, 69%) E:Z (81:19). (MesCCC)Co(N2)(PPh3) 
loading was 2%. Final product was isolated by filtering the crude mixture 





dioxaborolane: (2e) NMR data (in CDCl3, 25 °C, 500 MHz): 1H: δ = 7.79 (d, 
J = 7.5, 2H), 7.52-7.45 (m, 4H), 7.14 (d, J = 16.5, 1 H), 6.99 (d, J = 16. 1 H), 
6.91 (d, J = 8.5, 2 H), 3.84 (s, 3 H),1.36 (s, 12 H). 13C δ = 140.5, 135.3, 134.8, 
130.3, 129.3, 128.3, 128.0, 126.6, 125.7, 113.7, 83.9, 55.5, 25.0. 
Conversion to alkene was 89% (11). Isolated Yield: (21.6 mg, 0.0642 
mmol, 86%) E:Z (>99). HRMS (ESI), calc. for C21H26O3B (M)+: calculated 
337.1975; found 337.1971. (MesCCC)Co(N2)(PPh3) loading was 3%. Final 
product was purified by filtering the crude mixture over silica gel and 
eluting with ethyl acetate. 
(E)-trimethyl(styryl)silane: (2f)41 NMR data (in CDCl3, 25 °C, 400 MHz): 1H: 
δ = 7.45 (d, J = 7.5, 2H), 7.34 (t, J = 7.5, 2H), 7.26 (m, 1H), 6.89 (d, J = 19.0, 
1H), 6.50 (d, J = 19.5, 1H), 0.17 (s, 9H). 13C δ = 143.7, 138.4, 129.6, 128.6, 
128.1, 126.5, -1.1. Conversion to alkene was 89% (11). Isolated Yield: 
(11.7 mg, 0.0664 mmol, 59%) E:Z (99:1). (MesCCC)Co(N2)(PPh3) loading 
was 2%. Final product was purified by filtering the crude mixture over 
silica gel and eluting with hexanes. 
(E)-trimethyl(2-methylstyryl)silane: (2g)42 NMR data (in CDCl3, 25 °C, 500 
MHz): 1H: δ = 7.52 (d, J = 8.5, 1H), 7.11-7.21 (m, 4H), 6.39 (d, J = 19, 1H), 
2.39 (s, 3H), 0.18 (s, 9H). 13C δ = 141.4, 137.7, 135.4, 131.5, 130.4, 127.8, 
126.2, 125.4, 19.8, -1.02. Conversion to alkene was 97% (3). Isolated 
yield: (18.24 mg, 0.0958 mmol, 86%) E:Z (>99). (MesCCC)Co(N2)(PPh3) 
loading was 2%. Final product was purified by filtering the crude mixture 
over silica gel and eluting with hexanes. 
(E)-(2-methoxystyryl)trimethylsilane: (2h)43 NMR data (in CDCl3, 25 °C, 
500 MHz): 1H: δ = 7.54 (d, J = 8.5, 1H), 7.29 (d, J = 19.0, 1H), 7.23 (t, J = 
8.5, 1H), 6.94 (t, J = 7.5, 1H), 6.87 (d, J = 8. 1H), 6.46 (d, J = 19.5, 1H), 3.86 
(s, 3H), 0.17 (s, 9H). 13C δ = 142.2, 137.9, 130.1, 129.1, 126.3, 120.7, 111.0, 
55.6, 0.98. Conversion to alkene was 85% (15). Isolated yield: (13.0 mg, 
0.0630 mmol, 85%) E:Z (>99). (MesCCC)Co(N2)(PPh3) loading was 3%.  Final 
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product was purified by filtering the crude mixture over silica gel and 
eluting with hexanes. 
(E)-(2-bromostyryl)trimethylsilane: (2i)44  NMR data (in CDCl3, 25 °C, 500 
MHz): 1H: δ = 7.58 (d, J = 7.5, 1H), 7.54 (d, J = 8.0, 1H), 7.21-7.29 (m, 3H), 
7.10 (t, J = 8.5, 1H), 6.45 (d, J = 19, 1H), 0.18 (s, 9H). 13C δ = 142.2, 133.5, 
133.0, 129.2, 127.6, 1273,127.0, -1.1. Conversion to alkene was 70% (30). 
Isolated yield: (9.23 mg, 0.0361 mmol, 68%) E:Z (>99). 
(MesCCC)Co(N2)(PPh3) loading was 3%. Final product was purified by 
filtering the crude mixture over silica gel and eluting with hexanes. 
(E)-2-(2-(trimethylsilyl)vinyl)aniline: (2j)  NMR data (in CDCl3, 25 °C, 500 
MHz): 1H: δ = 7.32 (d, J = 9.0, 2H), 7.07 (t, J = 7.5, 1H), 6.95 (d, J = 19.0, 
1H), 6.77 (t, J = 7.3, 1H), 6.67 (d, J = 8.0, 1H), 6.35 (d, J = 19.0, 1H), 3.77  
(s, 2H), 0.16 (s, 9H). NMR data (in CDCl3, 25 °C, 400 MHz): 13C δ = 142.2, 
139.0, 131.7, 128.8, 127.2, 119.2, 116.4,-1.0. Conversion to alkene was 
97% (3). Isolated Yield: (8.74 mg, 0.0457 mmol, 96%) E:Z (>99). 
(MesCCC)Co(N2)(PPh3) loading was 5%. HRMS (ESI), calc. for C11H18NSi 
(M)+: calculated 192.1209; found 192.1215. Final product was purified by 
filtering the crude mixture over silica gel and eluting with a ethyl acetate 
and hexanes mixture (10:90).  Reaction was heated to 90oC under 1 atm 
of H2 for 17h. 
(E)-(4-(2-(trimethylsilyl)vinyl)phenyl)methanol: (2k) NMR data (in CDCl3, 
25 °C, 500 MHz): 1H: δ = 7.44 (d, J = 8, 2H), 7.33 (d, J = 8, 1H), 6.87 (d, J = 
19.2, 1H), 6.48 (d, J = 19.2, 1H), 4.69 (s, 1H), 4.68 (s, 1H), 0.16 (s, 9H). 13C 
δ = 143.3, 127.3, 126.7, 65.3, -1.08. Conversion to alkene was 96% (4).  
Isolated Yield: (12.2 mg, 0.0593 mmol, 80%) E:Z (90:10). HRMS (ESI), calc. 
for C12H18OSi (M)+: calculated 206.1127; found 206.1126. 
(MesCCC)Co(N2)(PPh3) loading was 3%. The crude product was dissolved in 
DCM and let stand over molecular sieves in the drybox for 24 h, then the 
mixture was filtered over silica gel, eluting with DCM. 
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(E)-trimethyl(2-(thiophen-3-yl)vinyl)silane: (2l)43 NMR data (in CDCl3, 25 
°C, 500 MHz): 1H: δ =7.30-7.21 (m, 2H), 7.20 (s, 1H), 6.88 (d, J = 19.2, 1H), 
6.26 (d, J = 20.8, 1H), 0.15 (s, 9H).13C δ = 137.5, 129.3, 126.0, 125.0, 122.6, 
-1.10. Conversion to alkene was 78% (22).  Isolated Yield: (13.9 mg, 
0.0764 mmol, 68%) E:Z (>99). (MesCCC)Co(N2)(PPh3) loading was 2%. Final 
product was isolated by filtering the crude mixture over silica gel and 
eluting with hexanes. 
(E)-(2-(furan-3-yl)vinyl)trimethylsilane: (2m)43 NMR data (in CDCl3, 25 °C, 
500 MHz): 1H: δ = 7.44 (s, 1H), 7.36 (s, 1H),  6.75 (d, J = 19.2, 1H), 6.59 (s, 
1H), 6.12 (d, J = 18.8, 1H), 0.13 (s, 9H). 13C δ = 143.7, 140.8, 133.3, 129.2, 
107.4, -1.11. Conversion to alkene was 87% (13). Isolated Yield: (11.9 mg, 
0.0714 mmol, 64%) E:Z (>99). (MesCCC)Co(N2)(PPh3) loading was 2%. Final 
product was purified by filtering the crude mixture over silica gel and 
eluting with hexanes. 
(E)-1-methyl-5-(2-(trimethylsilyl)vinyl)-1H-imidazole: (2n) NMR data (in 
CDCl3, 25 °C, 500 MHz): 1H: zδ = 7.39 (s, 1H), 7.25 (s, 1H), 6.67 (d, J = 19.0, 
1H), 6.30 (d, J = 19, 1H), 3.68 (s, 3H), 0.18 (s, 9H). 13C δ = 138.8, 130.0, 
129.0, 128.1, 32.1, -1.2. Conversion to alkene was 92% (8). Isolated Yield: 
(16.8 mg, 0.0930 mmol, 83%) E:Z (>99).  HRMS (ESI), calc. for C9H17NSi 
(M)+: calculated 181.1161; found 181.1161. (MesCCC)Co(N2)(PPh3) loading 
was 2%. Final product was purified by filtering the crude mixture over 
silica gel and eluting with acetone. 
1,4-bis((E)-2-(trimethylsilyl)vinyl)benzene: (2o)42 NMR data (in CDCl3, 25 
°C, 500 MHz): 1H: δ = 7.40 (s, 4H), 6.86 (d, J = 19, 2H), 6.49 (d, J = 19. 2 H), 
0.17 (s, 18H). 13C δ = 143.3, 138.1, 129.7, 126.7, -1.07. Conversion to 
alkene 55% and alkene:alkane mixture was 40% (5).  Isolated Yield of both 
compounds: (20.0 mg, 0.0739 mmol, 66%) E:Z (>99). 
(MesCCC)Co(N2)(PPh3) loading was 2%. Final product was purified by 




cis-4-octene: NMR data (in C6D6, 25 °C, 500 MHz): 1H: δ = 5.44 (t, J = 5.1, 













trans-4-octene: NMR data (in C6D6, 25 °C, 500 MHz): 1H: δ = 5.42 (t, J = 













Figure 4.7 1H NMR (C6D6, 500 MHz, 25oC) spectrum of trans-4-octene. 




Deuterium NMR studies using cis-stilbene. 
A standard J. Young NMR tube was charged with a solution of cis-stilbene (20 μL, 0.112 mmol) and 
(MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene-d6.  The sample was subjected to two 
freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-vacuum line.  The sample was 
warmed to ambient temperature, resulting in 4 atm of D2 gas.  After letting sample sit at room 
temperature for 2 hours a 1H NMR was taken. The 1H NMR spectrum is shown in Figure 4.3.  
A standard J. Young NMR tube was charged with a solution of cis-stilbene (20 μL, 0.112 mmol) and 
(MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene.  The sample was subjected to two 
freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-vacuum line.  The sample was 
warmed to ambient temperature, resulting in 4 atm of D2 gas.  After letting sample sit at room 






A standard J. Young NMR tube was charged with a solution of cis-4-octene (17 μL, 0.112 mmol), mesitylene 
(15.5 μL, 0.112 mmol) and (MesCCC)Co(N2)(PPh3) (0.002 g, 0.0022 mmol) in ca. ½ ml of benzene-d6.  The 
sample was subjected to two freeze-pump-thaw cycles and D2 gas (1 atm) was added at 77K on a high-
vacuum line.  The sample was warmed to ambient temperature, resulting in 4 atm of D2 gas.  After letting 
sample sit at room temperature for 5 hours a 1H NMR was taken (Figure 4.8). Deuterium incorporation 
into trans-4-octene was determined by use of mesitylene as internal standard. Found 55% deuterium 
incorporation into trans-4-octene. 
Parahydrogen induced polarization NMR studies 
HD + H2 
(MesCCC)Co(HD)(PPh3) + 
(MesCCC)Co(H2)(PPh3)   
Figure 4.8 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and cis-4-octene 
under 4 atm of D2 after 5 h at room temperature (bottom). (Top denotes starting 







Sample preparation. A standard J. Young NMR tube was charged with a solution of alkyne and 
(MesCCC)Co(N2)(PPh3) (0.001 g, 0.0011 mmol, 2 mol%) in ca. ½ mL of benzene-d6.  The sample was 
subjected to two freeze-pump-thaw cycles and p-H2 gas (1 atm) was added at 77K on a high-vacuum line.  
The sample was kept frozen in liquid nitrogen and warmed to ambient temperature and shaken 
immediately prior to interesting into the NMR spectrometer.  The ALTADENA effect was thus observed.  
The spectra were collected at 30oC. Increasing the temperature of the probe to 75oC only prolonged the 
lifetime and intensity of the polarized signals. Upon signal decay from p-H2 being consumed in solution, 
the signal from PHIP was regained by removing, shaking, and inserting the J. Young NMR tube from the 
NMR spectrometer.  PASADENA effect was observed while using trimethyl(phenylethynyl)silane as a 
substrate.  
NMR spectrometer. All PHIP NMR data presented herein were collected on a Varian UNITY INOVA 500 NB 
High-Resolution NMR Console with a 5mm Varian 1H{13C/15N} PFG Z probe.  All spectra were collected in 
benzene-d6 and the residual solvent resonance was referenced to 7.16 ppm.  1H NMR spectra were 
recorded using 45o pulse angle. The spectral window of 30 ppm was used in both proton and 1H-OPSY 
experiments.  1H-OPSY NMR data was collected via a double quantum coherence pathway using the pulse 
sequence below (Figure 4.9).  The OPSY spectra are anti-phase peaks, and they are generally displayed 
with absolute mode in the following spectra.45,46  
Generation of para-hydrogen.  A parahydrogen converter was used to generate the para-H2 enriched 
hydrogen gas. This consisted of copper tubing filled with a hydrous ferric oxide catalyst that was cooled 
to 15 K using a closed-cycle 4He cryostat. A detailed description of the converter can be found in Tom et 
al., which was able to consistently convert naturally occurring hydrogen gas (3:1 ortho:para) to 99.99% 
para-H2.47  
 
Figure 4.9 Double quantum OPSY pulse sequence (OPSY-d): the vertical bar at 1H channel represents 
S/2 pulse.  Phase cycle: I1: (y)4(x)4, I2: (x)4(y)4, rec: (x)4(y)4.   Z Gradient:  50 G/cm rectangular 
gradient was used.  First gradient was applied for 1ms in the opposite direction of the second 
gradient which was applied for 2ms.  0.5ms gradient recovery delays were used after each gradient.  






Figure 4.10 1H-OPSY NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and ((2-
bromophenyl)ethynyl)trimethylsilane under 4 atm of p-H2 at 30 oC (top). 1H-OPSY NMR spectrum of 
(MesCCC)Co(N2)(PPh3) (2 mol%) and ((2-bromophenyl)ethynyl)trimethylsilane under 4 atm of p-H2 at 





3JHH = 14.0 Hz 3JHH = 13.9 Hz 
1H-OPSY NMR spectrum (displayed in absolute mode) 








3JHH = 14.4 Hz 3JHH = 14.1 Hz 
Figure 4.11 1H NMR (C6D6, 500 MHz, 45o pulse) spectrum of (MesCCC)Co(N2)(PPh3)  (2 mol%) and ((2-
methoxyphenyl)ethynyl)trimethylsilane under 4 atm of p-H2 at 75 oC (top). 1H-OPSY NMR (C6D6, 500 
MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and ((2-methoxyphenyl)ethynyl)trimethylsilane 
under 4 atm of p-H2 at 75 oC (bottom). 
1H-OPSY NMR spectrum (displayed in absolute mode) 




Figure 4.12 1H NMR (C6D6, 500 MHz, 45o pulse) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and 2-(4-((4-
methoxyphenyl)ethynyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane under 4 atm of p-H2 at 75 oC (top). 
1H-OPSY NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and 2-(4-((4-
methoxyphenyl)ethynyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane under 4 atm of p-H2 at 75 oC 
(bottom). 
1H-OPSY NMR spectrum (displayed in absolute mode) 
1H NMR spectrum (45o pulse) 
3JHH = 12.1 Hz 
































Figure 4.13 1H NMR (C6D6, 500 MHz, 45o pulse) spectrum of (MesCCC)Co(N2)(PPh3) (2 mol%) and trimethyl-
(thiophen-3-ylethynyl)silane under 4 atm of p-H2 at 25 oC (top). 1H-OPSY NMR (C6D6, 500 MHz) spectrum of 
(MesCCC)Co(N2)(PPh3) (2 mol%) and trimethyl(thiophen-3-ylethynyl)silane under 4 atm of p-H2 at 25 oC 
(bottom). 
1H-OPSY NMR spectrum (displayed in absolute mode) 
 
1H NMR spectrum (45o pulse) 






Figure 4.14 1H-OPSY NMR (C6D6, 500 MHz, 25oC) array spectrum of (MesCCC)Co(N2)(PPh3) (2 mg, 
0.0022 mmol, 2 mol%) and cis-4-octene (17 µL, 0.112 mmol) under 4 atm of p-H2 at 25oC in ½ mL of 
C6D6. 8 transients (nt) for each spectrum shown with total time of 2 min and 50 sec (nt = 8,8,8,8,8). 
Bottom spectrum was collected first (red), showing the decay of polarization with each subsequent 
set of scans going towards the top (purple). 
nt = 8 
nt = 8 
nt = 8 
nt = 8 
nt = 8 
Figure 4.15 1H-OPSY NMR (C6D6, 500 MHz, 25oC) array spectrum of (MesCCC)Co(N2)(PPh3) (2 mg, 0.0022 
mmol, 2 mol%) and cis-4-octene (17 µL, 0.112 mmol) under 4 atm of p-H2 at 25oC in ½ mL of C6D6 from 
above (Figure S14).  The J-young NMR tube was opened and exposed to ambient atmosphere, shaken 
and NMR data was collected. 8 transients (nt) for each spectrum shown with total time of 2 min and 50 
sec (nt = 8,8,8,8,8). Bottom spectrum was collected first (red), showing the residual signal breakthrough 
in each scan upon fitting to highest peak for resonances at 5.44 and 0.89 ppm. 
nt = 8 
nt = 8 
nt = 8 
nt = 8 
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CHAPTER 5: MECHANISTIC INSIGHTS INTO THE COBALT-CATALYZED LEWIS ACID-ASSITED NITRILE 
HYDROGENATION TO PRIMARY AMINES: A PARAHYDROGEN INDUCED POLARIZATION NMR STUDY † 
 
5.1 Introduction  
 The catalytic hydrogenation of unsaturated functionalities is one of the most atom-economical 
transformations within organic chemistry.  The majority of these transformations are mediated by 
transition metal catalysts involving metal-hydride intermediates through the homolytic activation of H2.1,2 
Wilkinson’s catalyst, Rh(PPh3)3Cl, adheres to the metal-hydride route and readily hydrogenates carbon-
carbon multiple bonds.3 More demanding unsaturated polar functionalities featuring C=O, C=N or C≡N 
bonds, however, are more commonly hydrogenated using alternative strategies. Such strategies involve 
catalytic systems manifesting the heterolytic cleavage of H2, as commonly observed in metal-ligand 
cooperative platforms pioneered by the Nobel Prize winning work of Noyori.4  These routes are distinct 
from the classical oxidative addition, insertion and reductive elimination pathways generally recognized 
for the hydrogenation of unsaturated organic compounds,5 but instead involve the formation of metal-
hydride and ligand-proton features, in which the catalytic system is then well suited for the reduction of 
the polar groups.  
 Developments for the selective formation of primary amines have continued to attract interest 
because of their importance in the bulk and fine chemical industries.  Reduction of nitriles to primary 
amines is commonly accomplished using heterogeneous hydrogenation processes;6-8 however, 
stoichiometric amounts of promiscuous metal-hydride sources9,10can also be employed. In these cases, 
the functional group tolerance is limited due to the harsh conditions typically used, and the selectivity 
                                                          
† Portions of this chapter are reproduced from the following publications with permission from the authors. Tokmic, K.; Jackson, 
B. J.; Salazar, A.; Woods, T. J.; Fout, A. R. Cobalt-Catalyzed and Lewis Acid-Assisted Nitrile Hydrogenation to Primary Amines: A 
Combined Effort. J. Am. Chem. Soc. 2017, 139, 13554-13561.  




toward the formation of primary amines decreases due to side reactions (Scheme 5.1). Among the 
synthetic methodologies for the formation of primary amines, the selective and catalytic reduction of 
nitriles using H2 represents the most atom-economical route.  
 Homogeneous counterparts are often more selective for primary amines and operate under milder 
conditions. Catalytic systems based on rhenium,11 ruthenium,12-19 and rhodium20,21 complexes have been 
shown to effectively mediate the hydrogenation of nitriles to primary amines. Although these catalytic 
systems present good activity and selectivity, cost and environmental implications have motivated 
investigations into more sustainable systems. Due to the inherent abundance and relatively lower cost, 
late first-row transition metals present themselves as promising alternatives to their second- and third-
row congeners.22,23 
 Recent work by Beller demonstrates the utility of incorporating bifunctional motifs into manganese- 
and iron-based nitrile hydrogenation systems.24-26 Iron and cobalt catalysts developed by Milstein and 
coworkers also carry out this transformation, citing metal-hydride intermediates for the observed 
reactivity.27,28 Very recently, a cobalt catalyst solely featuring phosphine ligands was reported to carry out 
this transformation; however, the operative mechanism has not yet been elucidated.29 Exclusively metal-
centered nitrile hydrogenation using first-row transition metals has remained elusive, and experimental 
investigations into this approach would further advance the potential of such strategies. 
  The cobalt complex, (MesCCC)Co(H2)(PPh3) (MesCCC = bis(mesityl-benzimidazol-2-ylidene)phenyl), 
which was active for the hydrogenation of terminal olefins and the E-selective semihydrogenation of 
internal alkynes has been previously described.30,31 Mechanistic insights from 1H NMR spectroscopy and 
para-hydrogen (p-H2) induced polarization (PHIP) transfer NMR studies revealed a metal-centered Co(I/III) 
redox process was operative. Reasoning that the multielectron redox process with cobalt is a direct result 
of incorporating the strong-field bis(carbene) pincer ligand as part of the catalytic system, the competency 
of these cobalt complexes in the hydrogenation of nitriles was investigated. 
 Investigations using low-valent late first-row transition metal complexes for catalytic transformations 
face a significant limitation from their greater sensitivity to air and moisture compared to their platinum 
group congeners. To overcome this challenge, the in situ activation of stable precursors, generally higher 
oxidation state metal sources, is accomplished by employing readily available Grignard or metal hydride 
reagents,32-36 or metal alkoxides, as recently demonstrated by Thomas and coworkers.37 Naturally, 
(MesCCC)Co(H2)(PPh3) oxidizes upon exposure to air, so we sought to determine the feasibility of a bench-
stable Co(III) analogue, (MesCCC)CoCl2py, for the hydrogenation of nitriles.38 Encouraged by our previous 
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studies demonstrating that lower oxidation states of cobalt can be accessed using a hydride source,30 the 
use of a commercially available source, NaHBEt3, was used as an in situ activator. 
 Herein the selective hydrogenation of nitriles to primary amines using a bench-stable catalyst 
precursor, (MesCCC)CoCl2py (py = pyridine), under 4 atm of H2 pressure is discussed.  The mechanistic 
insights stemming from PHIP transfer NMR studies as well as stoichiometric reactions demonstrate the 
dual role of NaHBEt3 in the observed catalysis: (1) reduction of the Co(III) precursor to the active Co(I) 
catalyst and (2) hydrogenation of the nitrile functionality induced by the resulting Lewis acid, BEt3.  
 
5.2 Optimization of reaction conditions and catalytic activity  
 The reaction conditions were optimized following previously reported systems27,28 using benzonitrile 
as a model substrate.  The use of (MesCCC)CoCl2py (2 mol%), KOtBu (6 mol%), and NaHBEt3 (4 mol%) in 
toluene at 115 °C under 4 atm of H2 for 8 h resulted in complete conversion of the nitrile with excellent 
selectivity to the primary amine.39 Furthermore, the catalytic utility of (MesCCC)CoCl2py was extended to 
hydrogenate both aliphatic and aromatic nitriles and is tolerant of amines, esters, and halides (Scheme 
5.2).39  These results, demonstrate the utility of this system in hydrogenating nitriles under low hydrogen 
pressure and moderate temperatures using a bench-stable cobalt precatalyst.  However, to fully 
understand the nuances of the catalytic system, detailed mechanistic studies examining the nature of H2 
addition and the active species were needed. Such studies would delineate the metal-centered reactivity 
from bifunctional motifs and resemble the multielectron catalytic processes observed in similar cobalt 
bis(carbene) complexes.30,31 
 
5.3 Mechanistic studies using PHIP  
 In the interest of probing the reaction mechanism, in situ 1H NMR studies of the catalytic nitrile 
hydrogenation were investigated. Previously, PHIP transfer NMR studies were carried out of a related 
Co(η2-H2) bis(carbene) pincer catalyst for the pairwise hydrogenation of carbon−carbon multiple 
bonds.31,31 Accordingly, a PHIP transfer NMR study of the hydrogenation of nitriles under catalytic 
conditions with p-H2 was employed to provide mechanistic insights (vide infra) due to the intrinsic 
properties associated with PHIP.  
Scheme 5.2 Nitrile hydrogenation using (MesCCC)CoCl2py, H2 gas, KOtBu and NaHBEt3 to primary amines. 
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 PHIP NMR spectroscopy has been demonstrated as an effective analytical method to study 
heterogeneous40-44 and homogeneous45-49 hydrogenation reactions, H2 reactivity with metal complexes, 
and, in rare instances, even metal-free compounds.50,51 The hyperpolarization of 1H NMR signals resulting 
from PHIP are an indication of the pairwise addition of the H atoms of p-H2 to magnetically distinct 
positions on a substrate. Moreover, the characteristic emission and absorption signals are observed in 
situ via 1H NMR spectroscopy when the addition of p-H2 occurs faster than the relaxation rate of the 
corresponding nuclei, and the spin−spin coupling of the added p-H2 in the hydrogenated product is 
Figure 5.1 1H NMR (C7D8, 600 MHz) spectrum of (MesCCC)CoCl2py (2 mol %), NaHBEt3 (4 mol %), 
KOtBu (6 mol %), and 4-methoxybenzonitrile under 4 atm of p-H2 at 85 °C collected using a 45° 
pulse (top) and 1H-OPSY pulse (bottom). 
1H-OPSY NMR spectrum – toluene-d8 
1H-(45°) NMR spectrum – toluene-d8 
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retained. In the studies presented herein, a 45° pulse and a double quantum OPSY (only para-hydrogen 
spectroscopy) filter in the 1H NMR experiment were used following the addition of p-H2.  
 For the 1H NMR mechanistic studies, 4-methoxybenzonitrile was chosen because the methoxy group 
(R-OCH3) provides a discernible 1H NMR resonance in the nitrile and hydrogenation products (imine and 
amine). The addition of p-H2 to a toluene-d6 solution consisting of 4-methoxybenzonitrile, (MesCCC)CoCl2py 
(2 mol%), NaHBEt3 (4 mol%) and KOtBu (6 mol%) did not result in the observation of hyperpolarized 
resonances at 30 or 60 °C. Polarization of the imine moiety (R-HC=NH) was seen (Figure 5.1) when the 
solution was heated to 85 °C. Although the p-H2 was added outside the NMR spectrometer (low-field) and 
at room temperature before being inserted into the spectrometer, the PASADENA (para-hydrogen and 
synthesis allow dramatically enhanced nuclear alignment) effect was observed.  In this case, the transfer 
of p-H2 occurred inside (high-field) the NMR spectrometer at 85 °C with the retention of the spin-spin 
coupling between the H-H atoms. The use of a double-quantum OPSY pulse sequence further 
corroborated the pairwise hydrogenation of the nitrile group (Figure 5.1, bottom). The hyperpolarization 
resulting from the hydrogenation of a nitrile, imine, or other polar functionalities with p-H2 has not been 
demonstrated thus far, with only non-hydrogenative means having been observed.53-59 The PASADENA 
effect was also observed when using 4-(trifluoromethyl)benzonitrile (Figure 5.14). 
 Although the formation of the primary amine product was also observed in the 1H NMR spectrum, a 
PHIP effect was not seen for the corresponding protons (R−CH2−NH2), suggesting a different mechanism 
may be operative for the hydrogenation of the imine.  One possible mechanism for imine hydrogenation 
involves a non-pairwise transfer of H2 by an inner-sphere hydride-transfer mechanism.60,61 However, if the 
hydrogenation of the imine proceeds too slowly,62,63 or the protons of the amine readily exchange with 
protic functionalities, then the PHIP effect would also be quenched. 
 
5.4 Stoichiometric reactions 
 Intrigued by the PHIP data, additional mechanistic and stoichiometric studies were performed to 
describe the active catalytic species.  To this end, the reactivity between (MesCCC)CoCl2py and NaHBEt3 
was investigated next. It was hypothesized that the treatment of (MesCCC)CoCl2py with NaHBEt3 would 
reduce the precatalyst to an active cobalt(I) species proceeding through a (MesCCC)Co−(H)2 intermediate, 
followed by reductive coupling of H2. Accordingly, treatment of a solution of (MesCCC)CoCl2py in benzene-
d6 with 2 equiv of NaHBEt3 in a J. Young NMR tube resulted in the formation of a brown solution. 
Monitoring by 1H NMR spectroscopy revealed broadened downfield resonances corresponding to the aryl 
protons, while the retention of a C2-symmetric complex was discerned by the corresponding mesityl-CH3 
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resonances at 1.99 and 1.92 ppm (Figure 5.2). Interrogation of the newly formed species by IR 
spectroscopy revealed an intense absorption at 2082 cm-1, which was tentatively assigned to the vibration 
mode of a bound dinitrogen ligand.   
 Even though loss H2 was not observed in the 1H NMR spectrum (Figure 5.2), the addition of styrene to 
the previous reaction resulted in the formation of ethylbenzene, indicative of the formation of (MesCCC)Co-






1H NMR spectrum – C6D6 
Figure 5.2 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)CoCl2py and 2 equiv of NaHBEt3. 
1H NMR spectrum – C6D6 





(H)2 in situ. Alternatively, using Cp2ZrHCl (Cp = cyclopentadienyl) as the hydride source resulted in a new 
complex, (MesCCC)Co-py (vide infra) with concomitant formation of H2 (Figure 5.3).  Furthermore, the IR 
spectrum did not contain a dinitrogen stretch, indicating that a Co−N2 complex was not present. After 
unsuccessful attempts to isolate the reduced species from the corresponding byproducts, an alternative 
route was used for the preparation of (MesCCC)Co-py. 
  The reduction of (MesCCC)CoCl2py with 2 equiv of KC8 furnished (MesCCC)Co-py in 80% yield (Figure 
5.4). Characterization of (MesCCC)Co-py by 1H NMR spectroscopy (Figure 5.4) displayed a diamagnetic 
species that matched the product formed from the addition of Cp2ZrHCl to (MesCCC)CoCl2py (Figure 5.3).  
A C2-symmetric complex was present in solution, as indicated by the two mesityl-CH3 resonances of 
(MesCCC)Co-py at 1.96 and 1.84 ppm.  Integration of the corresponding resonances in the 1H NMR 
spectrum revealed the retention of the pyridine ligand in the reduced species. In contrast, the CCC ligand 
derivative featuring 2,6-diisopropylphenyl flanking groups loses pyridine upon reduction and yields a 16-
electron Co(I)-N2 complex.38 Probing (MesCCC)Co-py by IR spectroscopy revealed the absence of a Co-N2 
moiety, further confirming the assignment of the complex by 1H NMR spectroscopy. To unambiguously 
determine the molecular structure of (MesCCC)Co-py, single crystals suitable for X-ray diffraction studies 
were grown from a concentrated solution of the target complex in diethyl ether.  The four-coordinate 
cobalt center adopts a square planar geometry, with the pyridine ligand trans to the Co-Caryl bond (Figure 
5.5, Table 5.1 and 5.2).  
Figure 5.4 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co-py. 






 After successfully isolating the reduced species, (MesCCC)Co-py, the coordination of the nitrile to the 
metal center was investigated since PHIP studies suggests that this process transpires throughout 
catalysis. Accordingly, that addition 1 equiv 4-methoxybenzonitrile to a freshly prepared solution of 
(MesCCC)Co-py in THF furnished (MesCCC)Co(p-NCC6H4−OCH3) in 79% yield after workup. Characterization 
by 1H NMR spectroscopy revealed a similar coordination environment to that of (MesCCC)Co-py (Figure 





1H NMR spectrum – C6D6 
Figure 5.5 Molecular structure of (MesCCC)Co-py with 50% probability ellipsoids.  Solvent and H atoms 
have been omitted for clarity. 





5.4), indicating that new species is also square planar. Furthermore, the integration of the 1H NMR 
spectrum suggests the coordination of one nitrile ligand (Figure 5.6).  Additionally, an examination of this 
species by IR spectroscopy revealed an intense absorption at 2184 cm-1, which is red-shifted by 32 cm-1 
from the free nitrile (νCN = 2216 cm-1) and is consistent with an end-on coordination mode of the nitrile 
ligand.64  
 Attempts to grow single crystals of (MesCCC)Co(p-NCC6H4−OCH3) suitable for X-ray structural 
determination studies proved unsuccessful. However, with the addition of 1 equiv of PPh3 to 
(MesCCC)Co(p-NCC6H4−OCH3), single crystals suitable for X-ray diffraction studies of (MesCCC)Co(p-
NCC6H4−OCH3)(PPh3) were obtained (Scheme 5.3).  Alternatively, the addition of benzonitrile to the 
previously discussed (MesCCC)Co(N2)(PPh3) complex38 furnishes (MesCCC)Co(NCC6H5)(PPh3) (Figure 5.7).  
The cobalt centers in (MesCCC)Co(p-NCC6H4−OCH3)(PPh3) and (MesCCC)Co(NCC6H5)(PPh3) adopt a square 
pyramidal geometry (τ = 0.25 and 0.19, respectively)65 with the nitrile bound trans to the Co−Caryl bond. 
The C≡N bond distances in (MesCCC)Co(p-NCC6H4−OCH3)(PPh3) and (MesCCC)Co(NCC6H5)(PPh3) (1.165(7) Å 
Figure 5.7 Molecular structure of (MesCCC)Co(NCC6H5)(PPh3) (left) with 50% probability ellipsoids and 
(MesCCC)Co(p-NCC6H4−OCH3)(PPh3) (right) with 30% probability ellipsoids. Solvent and H atoms have 
been omitted for clarity.  










Scheme 5.3 Synthesis of (MesCCC)Co(NCC6H5)(PPh3) and (MesCCC)Co(p-NCC6H4−OCH3)(PPh3). 
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and 1.157(3) Å, respectively) are within error of the free molecules (1.1516(16) Å and 1.16 Å, 
respectively)66,67 (Table 5.1 and 5.2). Additionally, vibrational modes in the IR spectrum corresponding to 
the bound nitriles are observed at 2202 and 2191 cm-1 for (MesCCC)Co(p-NCC6H4−OCH3)(PPh3) and 
(MesCCC)Co(NCC6H5)(PPh3), respectively. These are red-shifted form the free nitriles by 14 and 41 cm-1, 
respectively, and support the end-on coordination mode of the nitrile to the metal center.  
 
5.5 Mechanistic studies – catalytic reactions 
 Having established that the nitrile coordinates to the reduced cobalt species in an end-on fashion, the 
competency of (MesCCC)Co-py and (MesCCC)Co(p-NCC6H4−OCH3) for nitrile hydrogenation were next 
explored. Using (MesCCC)Co-py (2 mol%), KOtBu (6 mol%) and 4 atm of H2, the hydrogenation of 4-
methylbenzonitrile did not proceed and starting material was recovered.39 Under optimized conditions, 2 
equiv of BEt3 is generated upon the in situ reduction of the precatalyst, (MesCCC)CoCl2py, with 2 equiv of 
NaHBEt3. Surprisingly, the addition of 2 equiv of BEt3 (4 mol%) to the catalytic reaction using (MesCCC)Co-
py enabled hydrogenation to proceed.39 This suggest the borane is acting as a Lewis acid and is involved 
in the catalysis.  Furthermore, BPh3, LiOTf, and Ca(OTf)2 all proved effective Lewis acids for the catalytic 
reaction.39 The use of (MesCCC)Co(p-NCC6H4−OCH3) as the catalyst with the addition of Lewis acid was 
effective in the hydrogenation of 4-methoxybenzonitrile, indicating pyridine is not involved in the catalytic 
reaction.39  
 
5.6 Mechanistic studies – catalytic reaction profile 
 To gain further mechanistic insights and selectivity into the observed Lewis acid-assisted catalysis, the 
reaction profile of a catalytic run was monitored. Even though mixtures were not observed when isolating 
each amine, the detection of side-products throughout the catalytic process would provide insights into 
the observed selectivity. Accordingly, the concentrations of the reaction components of a catalytic run 
were monitored to probe the reaction progress using GC−MS analysis. During these studies, the primary 
imine intermediate was not observed due to its reactive nature. Instead, the reaction profile was 
monitored in situ using 1H NMR spectroscopy (Figure 5.15) to obtain a more accurate representation of 
the reaction components (Figure 5.8). 
 The plot shows the decrease of the nitrile and initial increase of the primary imine concentration, 
followed by consumption of the primary imine and the steady increase in the primary amine product. 
Notably, the formation of the secondary imine is limited, suggesting that the primary imine is favored over 
the secondary imine throughout the course of catalysis. The addition of 1 equiv of the corresponding 
124 
 
amine (with respect to the nitrile) did not change the time required for the reaction to reach completion, 
indicating an increased amine concentration does not inhibit catalytic activity. 
 Based on these insights, additional experiments were performed to understand if the presence of a 
Lewis acid was necessary for the hydrogenation of the imine to proceed. Use of a primary imine surrogate, 
N-benzylidenebenzylamine, in the absence of Lewis acid yielded 10% conversion of the starting material 
to the secondary amine as observed by GC−MS. In contrast, the addition of BEt3 (4 mol %) resulted in 90% 
conversion to the amine. Therefore, the Lewis acid also facilitates this second hydrogenation step but is 
not necessary for the reaction to occur. 
 
5.7 Nitrile hydrogenation with ketone functionality 
 In view of these findings, the hydrogenation of 4-acetylbenzonitrile, a substrate that proved 
unamenable toward hydrogenation using previous reaction conditions was re-examined (vide supra).  
Recognizing that the Lewis acid is necessary for the hydrogenation of nitriles to proceed, the potential 
Figure 5.8 Reaction profile of the hydrogenation of 4-methoxybenzonitrile with (MesCCC)Co-py (2 mol%), 

































interaction of the ketone functionality with the Lewis acid was hypothesized to inhibit the hydrogenation 
of the nitrile functionality.  Accordingly, the addition of excess Lewis acid, 1.04 equiv with respect to 
substrate, during a catalytic run furnished the primary amine product in 95% yield.39 Notably, the ketone 
functionality was not reduced under these conditions, which is a distinct difference from the 
hydrogenation catalysis with iron,25 ruthenium68,69 and palladium70 systems. 
 
5.8 Mechanistic studies – stoichiometric studies  
 To further understand the role of the Lewis acid, the stoichiometric reactivity between BEt3 and the 
cobalt complexes, (MesCCC)Co-py and (MesCCC)Co(p-NCC6H4−OCH3) was studied. Upon the addition of 1 
equiv of BEt3 to a solution of (MesCCC)Co-py in benzene-d6, the formation of a C2-symmetric species, 
(MesCCC)Co−N2, was observed by 1H NMR spectroscopy (Figure 5.9), akin to the reaction between 
(MesCCC)CoCl2py and 2 equiv of NaHBEt3 (Figure 5.2).  
 Computational modeling and experimental data have shown that reactivity of Lewis acidic boranes 
(BF3 and B(C6F5)3) with nitriles results in an electrostatic interaction in the subsequent adduct 
formation.71,72 Interested in understanding if a nitrile···borane interaction was present, a solution of 
(MesCCC)Co(p-NCC6H4−OCH3) was treated with BEt3, and the mixture was monitored by 1H NMR 
spectroscopy.  Unfortunately, there was no change in the 1H NMR in benzene-d6 nor when monitoring the 
Figure 5.9 1H NMR spectrum (C6D6, 500 MHz) of the reaction (MesCCC)Co-py with 2 equiv of BEt3 in 
benzene-d6. 






reaction in toluene-d8 at 100 °C. Likewise, examining the reaction by IR spectroscopy revealed no change 
in the C≡N stretch, and the coordination of N2 was not observed.  
 
5.9 Mechanistic studies – PHIP studies using (MesCCC)Co-py  
 The PHIP transfer NMR studies were re-examined using (MesCCC)Co-py and BEt3 to probe the 
importance of the Lewis acid in the pairwise process. Upon the addition of p-H2 to a toluene-d8 solution 
containing 4-(trifluoromethyl)benzonitrile, (MesCCC)Co-py (2mol %), NaOtBu (6 mol %), and BEt3 (4 mol %) 
Figure 5.10 1H NMR (C7D8, 600 MHz) spectrum of (MesCCC)Co-py (2 mol %), BEt3 (4 mol %), KOtBu (6 mol 
%), and 4-(trifluoromethyl)benzonitrile under 4 atm of p-H2 at 65 °C collected using a 45° pulse (top) 
and 1H-OPSY pulse (bottom). 
1H NMR-OPSY spectrum – toluene-d8 
1H NMR-(45°) spectrum – toluene-d8 
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at 25 °C, hyperpolarization was not observed. When the solution was heated to 65 °C, the PASADENA 
effect of the primary imine group was observed in the 1H NMR spectrum using a 45° and OPSY pulse 
(Figure 5.10). These results are comparable with the PHIP transfer NMR data using (MesCCC)CoCl2py and 
NaHBEt3, demonstrating that the Co(I)-species along with BEt3 affords the same PHIP effect, albeit at lower 
temperatures.  Additionally, similar effects were observed using 4-methoxybenzonitrile as the substrate 
(Figure 5.14). On the basis of the PHIP transfer NMR data, the first step in the hydrogenation of nitriles 
conforms with the concerted nature of H2 addition, which is consistent with our previous studies of the 
cobalt-catalyzed hydrogenation of carbon−carbon multiple bonds using the same ligand platform.30,31 
 
5.10 Proposed catalytic intermediate 
 Although the nitrile was found to coordinate to the cobalt center end-on at ambient temperatures, 
under catalytic conditions, the coordination mode changes to accommodate the pairwise addition of H2 
onto the metal center as indicated by the PHIP NMR data. One possibility involves a side-on coordination 
mode of the nitrile through the C≡N π-orbital proceeding through a three-center bonding environment. 
In the side-on coordination mode, the C≡N bond would be more amenable toward functionalization, and 
the nitrogen lone pair would be available to interact with a Lewis acid in a similar fashion as observed in 
bisphosphine nickel(0) complexes.67,73,74 A computational study by Jiao and co-workers reported that the 
energy difference decreases between end-on and side-on coordination modes of acetonitrile in cobalt 
complexes with increasing electron-donating ability of the ligands, and therefore, the nitrile group 
becomes more negatively charged.75 On the basis of these studies and those presented herein, the most 
viable role of the Lewis acid in the observed catalysis is depicted in Figure 5.11. 
 
5.11 Conclusion  
 In conclusion, the catalytic activity of a cobalt bis(carbene) pincer system was extended toward the 
hydrogenation of a broad scope of nitriles with excellent selectivity toward the primary amines. Through 
the course of the studies, it was determined that the hydrogenation does not proceed without the 
Figure 5.11 Proposed coordination of the Lewis acid to the cobalt-bound nitrile. 
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addition of catalytic amounts of a Lewis acid. Based on the mechanistic studies herein and corroborating 
literature precedents, the nature of the Lewis acid is proposed to facilitate a side-on coordination of the 
nitrile to the cobalt center, permitting a pairwise transfer of H2 through a Co(I/III) redox process. 
Furthermore, supplemented by insights gleaned from the mechanistic studies, a nitrile featuring a ketone 
functionality was amenable toward the selective hydrogenation of only the nitrile, with the addition of 
superstoichiometric amounts of Lewis acid. Finally, in our approach investigating a bench-stable 
hydrogenation precatalyst accompanied by in situ activation by NaHBEt3, the presumed innocence of the 
Lewis acid byproduct was contested, and it proved to hold a substantial role in the observed catalysis. 
 
5.12 Experimental section  
 General considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise. All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.76 Toluene-d8 and 
benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored over 4 Å 
molecular sieves prior to use. Sodium triethylborohydride solution (1.0 M in toluene), triethylborane 
solution (1.0 M in hexanes), BPh3, LiOTf, and Ca(OTf)2 were purchased from Sigma-Aldrich. Celite® 545 (J. 
T. Baker) was dried in a Schlenk flask for 24 h under dynamic vacuum while heating to at least 150˚C prior 
to use in a glovebox. NMR Spectra were recorded at room temperature on a Varian spectrometer 
operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) (U500, VXR500, UI500NB) and referenced to the 
residual C7D6H, CHCl3 and C6D5H resonance (δ in parts per million, and J in Hz). Potassium graphite (KC8),77 
Schwartz’s reagent (Cp2ZrHCl (Cp = cyclopentadienyl)78, (MesCCC)CoCl2py38 and (MesCCC)Co(N2)(PPh3)38 
were prepared according to literature procedures.  
 
Synthesis of cobalt(I) complexes 
Preparation of (MesCCC)Co-py:  A 20 mL scintillation vial was charged with (MesCCC)CoCl2py (0.100 g, 0.133 
mmol) and THF (10 mL).  A suspension of KC8 (0.038 g, 0.281 mmol) in THF (5 mL) was added to the 
mixture. After stirring for 2 hours, the dark brown suspension was filtered over Celite and concentrated 
to a dark solid under reduced pressure.  The product was then extracted into benzene (3 x 5 mL), filtered 
over Celite, and lyophilized under reduced pressure to a dark brown solid (0.072 g, 0.105 mmol, 80%).  
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NMR data (in benzene-d6, 25 °C):  1H δ = 8.03 (d, J = 5.4, 2H), 7.79 (t, J = 7.4, 1H), 7.65 (d, J = 7.6, 2H), 7.23 
(t, J = 7.8, 3H), 7.00 (t, J = 7.5, 3H), 6.66 (d, J = 7.8, 4H), 6.31 (s, 5H), 1.96 (s, 6H), 1.83 (s, 12H). 13C δ = 147.4, 
139.7, 137.1, 136.1, 135.1, 133.1, 129.1, 128.6, 127.5, 122.3, 122.2, 110.0, 108.5, 105.9, 20.9, 17.8. HRMS 
(ESI), calc. for C43H39CoN5 (M + H)+: calculated 684.2537; found 684.2543. 
 
Preparation of (MesCCC)Co(p-NCC6H4OCH3):  A 20 mL scintillation vial was charged with (MesCCC)CoCl2py 
(0.072 g, 0.095 mmol) and THF (10 mL).  A suspension of KC8 (0.026 g, 0.194 mmol) in THF (5 mL) was 
added to the mixture. After stirring for 2 hours, the dark brown suspension, (MesCCC)Co-py, was filtered 
over Celite and a solution of 3h3 (0.013 g, 0.095 mmol) was added.  After stirring the mixture for 1 h, the 
solution was concentrated to a solid under reduced pressure.  The product was then extracted into 
benzene (3 x 5 mL), filtered over Celite, and lyophilized under reduced pressure to a brown solid (0.055g, 
0.074 mmol, 79%).  Alternatively, (MesCCC)Co(p-NCC6H4OCH3) can also be prepared by the addition of 1 
equiv of 4-methoxybenzonitrile to (MesCCC)Co-py following the same work up procedure. NMR data (in 
benzene-d6, 25 °C):  1H δ = 7.92 (d, J = 8.0, 2H), 7.65-7.57 (m, 3H), 7.32 (s, 1H), 7.00 (s, 1H), 6.95 (t, J = 7.6, 
2H), 6.64 (t, J = 8.1, 4H), 6.47 (s, 4H), 6.43 (d, J = 8.5, 2H), 3.20 (s, 3H), 2.03 (s, 12H), 1.74 (s, 6H). The low 
solubility of (MesCCC)Co(p-NCC6H4OCH3) in benzene precluded the collection of 13C NMR data. HRMS (ESI), 
calc. for C46H40CoN5O (M)+: calculated 737.2565; found 737.2583. ATR-IR: 2184 cm-1 (Co-N≡CR). 
 
Preparation of (MesCCC)Co(p-NCC6H4OCH3)(PPh3):  A 20 mL scintillation vial was charged with 
(MesCCC)Co(p-NCC6H4OCH3) (0.0300 g, 0.0413 mmol) and THF (10 mL).  A solution of PPh3 (0.010 g, 0.0413 
mmol) in THF (5 mL) was added.  After stirring the reaction mixture for 2h, the THF was removed under 
reduced pressure. The solid was triturated with hexanes (5 mL) and the volatiles were removed under 
reduced pressure to yield a dark purple solid (0.0381 g, 0.0385 mmol, 93%). NMR data (in benzene-d6, 25 
°C):  1H δ = 7.81 (d, J = 8.0, 2H), 7.52 (d, J = 7.4, 2H), 7.33 (t, J = 7.8, 1H), 7.12 (t, J = 7.8, 3H), 7.02 (t, J = 7.8, 
6H), 6.91 (t, J = 7.8, 6H), 6.87-6.83 (m, 5H), 6.51 (t, J = 8.0, 4H), 6.42-6.38 (m, 2H), 3.27 (s, 3H), 2.12 (s, 6H), 
1.89 (s, 6H), 1.66 (s, 6H). 13C δ = 207.2, 160.8, 139.2, 138.0, 137.4, 137.3, 136.8, 136.2, 135.6, 133.9, 133.6, 
133.4, 133.3, 133.0, 130.1, 128.7, 121.5, 120.9, 118.3, 114.7, 113.1, 109.3, 107.6, 105.2, 55.0, 20.8, 18.7, 
18.6. HRMS (ESI), calc. for C56H48CoN4P (M – p-NCC6H4OCH3)+: calculated 866.2949; found 866.2963. ATR-
IR: 2202 cm-1 (Co-N≡CR). 
 
Preparation of (MesCCC)Co(NCC6H5)(PPh3):  A 20 mL scintillation vial was charged with 
(MesCCC)Co(N2)(PPh3) (0.0645 g, 0.0727 mmol), THF (5 mL) and benzonitrile (7.4 uL, 0.0727 mmol).  After 
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stirring the reaction for 1 h at room temperature, the THF was removed under a reduced pressure.  The 
product was then washed with hexanes (2 x 5 mL) and extracted into benzene (3 x 5 mL), filtered over 
Celite, and the solvent was removed under reduced pressure.  A dark purple powder was obtained (0.030 
g, 0.031 mmol, 43%) after triturating hexanes (2x 5 mL).  NMR data (in benzene-d6, 25 °C):  1H δ = 7.80 (d, 
J = 7.9, 2H), 7.52 (d, J = 7.7, 2H), 7.33 (t, J = 7.8, 1H), 7.12 (t, J = 7.7, 2H), 7.00 (t, J = 7.2, 6H), 6.92-6.87 (m, 
6H), 6.86-6.81 (m, 6H), 6.80-6.75 (m, 2H), 6.57 (d, J = 7.4, 2H), 6.49 (d, J = 7.8, 2H), 6.40 (s, 4H), 2.10 (s, 
6H), 1.86 (s, 6H), 1.58 (s, 6H). 13C δ = 144.1, 139.2, 137.9, 137.3, 137.1, 137.1, 136.2, 135.5, 133.4, 133.3, 
132.9, 132.0, 131.8, 131.7, 130.1, 129.5, 128.9, 128.7, 128.6, 128.4, 121.5, 121.0, 118.4, 109.3, 107.7, 
105.3, 20.8, 18.7, 18.6. HRMS (ESI), calc. for C56H48CoN4P (M – NCPh)+: calculated 866.2949; found 
866.2946. ATR-IR: 2191 cm-1 (Co-N≡CR). 
 
In situ stoichiometric reactivity studies 
Treatment of (MesCCC)CoCl2py with 2.1 equivalents of Cp2ZrHCl 
Cp2ZrHCl (0.003 g, 0.0123 mmol) was added to a J. Young NMR tube containing a saturated solution of 
(MesCCC)CoCl2py (0.004 g, 0.0053 mmol) C6D6 (ca. 1/2 mL). Within 1 min, the color of the solution changed 
from green to red-brown and the resulting 1H NMR spectrum displayed resonances corresponding to the 
formation of H2 gas, Cp2ZrCl2 and (MesCCC)Co-py. (See Figure 5.3) 
 
Treatment of (MesCCC)CoCl2py with 2 equiv of NaHBEt3  
A 4 mL scintillation vial was charged with (MesCCC)CoCl2py (0.004 g, 0.006 mmol), NaHBEt3 (1.0 M in 


























Empirical Formula C47 H48 Co N5 O C67 H63 Co N5 O P C64 H55 Co N5 O P 
Formula Weight 757.83 1044.12 1000.03 
Temperature 100(2) K 100(2) K 173(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Orthorhombic Monoclinic Orthorhombic 
Space group Pnma P 21/n P 212121 
Unit Cell Dimensions 
a = 24.6141(9)Å 
b = 19.4717(7) Å 
c = 8.0534(3) Å 
α= 90° 
β= 90° 
γ = 90° 
a =17.9017(10) Å 
b = 16.1949(10) Å 
c = 18.5938(12) Å 
α = 90° 
β = 93.322(3)° 
γ = 90° 
a = 13.1921(10) Å 
b = 18.4856(16) Å 
c = 20.7607(14) Å 
α = 90° 
β = 90° 
γ = 90° 
Volume 3859.8(2) Å3 5381.6(6) Å3 5062.8(7)  Å3 
Z 8 4 4 
Reflections collected 26577 128137 47750 
Independent 
reflections 2378 9921 9271 
Goodness-of-fit on 
F2 1.090 1.068 1.013 
Final R indices 
[I>sigma(l)] 
R1 = 0.0394 
wR2 = 0.0963 
R1 = 0.0378 
wR2 = 0.0890 
R1 = 0.0539 


















Para-hydrogen induced polarization NMR studies 
Sample preparation using (MesCCC)CoCl2py. A standard J. Young NMR tube was charged with 4-
methoxybenzonitrile (17.6. mg, 0.133 mmol), KOtBu (1.0 mg, 0.0089 mmol) and (MesCCC)CoCl2py (2.0 mg, 
0.0027 mmol) in ca. ½ ml of toluene-d8.  A solution of NaHBEt3 (1.0 M in toluene, 5.3 μL, 0.0053 mmol) 
was added and the color the solution turned brown.  The sample was subjected to two freeze-pump-thaw 
cycles and p-H2 gas (1 atm) was added at 77K on a high-vacuum line. The sample was kept frozen in liquid 
nitrogen and warmed to ambient temperature and shaken immediately prior to inserting into the NMR 
spectrometer (Following ALTADENA conditions).  No polarization was observed at 30 oC and 60 oC.  Upon 
warming the probe temperature to 85 oC, polarization of the imine functionality was observed (see Figure 
5.1). In the case of 4-(trifluoromethyl)benzonitrile, polarization of the imine functionality was observed 
upon warming the probe temperature to 80 oC (see Figure 5.13). 
Sample preparation using (MesCCC)Co-py. A standard J. Young NMR tube was charged with 4-
methoxybenzonitrile (9.7 mg, 0.0731 mmol), NaOtBu (0.4 mg, 0.0416 mmol), (MesCCC)Co-py (1.0 mg, 
0.00146 mmol) and BEt3 (1.0 M in hexane, 3.0 μL, 0.003 mmol) in ca. 1 ml of toluene-d8.  The sample was 
subjected to two freeze-pump-thaw cycles and p-H2 gas (1 atm) was added at 77K on a high-vacuum line.  
The sample was kept frozen in liquid nitrogen and warmed to ambient temperature and shaken 
immediately prior to inserting into the NMR spectrometer. No polarization was observed at 25 oC. Upon 
warming the probe temperature to 65 oC, 70 oC and 75 oC, polarization of the H atoms of the imine 
functionality were observed (at 75 oC, the signals were more pronounced and are depicted in Figure 5.14). 
In the case of 4-(trifluoromethyl)benzonitrile, polarization of the imine functionality was observed upon 
warming the probe temperature to 55 oC and 65 oC. At 65 oC the imine signals were more pronounced and 
are depicted in Figure 5.10. 
NMR spectrometer. All PHIP NMR data presented herein were collected on a Varian UNITY INOVA 500 NB 
High-Resolution NMR Console with a 5mm Varian 1H{13C/15N} PFG Z probe.  All spectra were collected in 
benzene-d6 and the residual solvent resonance was referenced to 7.16 ppm.  1H NMR spectra were 
recorded using 45o pulse angle. The spectral window of 30 ppm was used in both proton and 1H-OPSY 
experiments.  1H-OPSY NMR data was collected via a double quantum coherence pathway using the pulse 
sequence below (Figure 5.12).  The OPSY spectra are anti-phase peaks, and they are generally displayed 





Generation of para-hydrogen.  A parahydrogen converter was used to generate the para-H2 enriched 
hydrogen gas. This consisted of copper tubing filled with a hydrous ferric oxide catalyst that was cooled 
to 15 K using a closed-cycle 4He cryostat. A detailed description of the converter can be found in Tom et 





Figure 5.12 Double quantum OPSY pulse sequence (OPSY-d): the vertical bar at 1H channel 
represents S/2 pulse.  Phase cycle: I1: (y)4(x)4, I2: (x)4(y)4, rec: (x)4(y)4.   Z Gradient:  50 G/cm 
rectangular gradient was used.  First gradient was applied for 1ms in the opposite direction of the 
second gradient which was applied for 2ms.  0.5ms gradient recovery delays were used after each 





1H NMR spectrum (45o pulse)  
1H-OPSY NMR spectrum  
Figure 5.13 1H NMR (C7D8, 600 MHz, 45o pulse) spectrum of (MesCCC)CoCl2py (2 mol%), NaHBEt3 (4 
mol%), KOtBu (6 mol%) and 4-(trifluoromethyl)benzonitrile under 4 atm of p-H2 at 80 oC (top). 1H-
OPSY NMR (C7D8, 600 MHz) spectrum of (MesCCC)CoCl2py (2 mol%), NaHBEt3 (4 mol%), KOtBu (6 




1H NMR spectrum (45o pulse)  
Figure 5.14 1H NMR (C7D8, 600 MHz, 45o pulse) spectrum of (MesCCC)Co-py (2 mol%), BEt3 (4 mol%), 
NaOtBu (6 mol%) and 4-methoxybenzonitrile under 4 atm of p-H2 at 75 oC. 
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Amine concentration experiment with 4-methoxybenzylamine and 4-tolunitrile or 4-
methoxybenzonitrile 
A standard J. Young NMR tube was charged with 4-tolunitrile (4.3 mg, 0.0367 mmol) or 4-
methoxybenzonitrile (4.9 mg, 0.0367 mmol), 4-methoxybenzylamine (5 μL, 0.367 mmol), NaOtBu (0.2 mg, 
0.002 mmol), (MesCCC)Co-py (0.5 mg, 0.0007 mmol) and BEt3 (1.0 M in hexane, 1.5 μL, 0.0015 mmol) in ca. 
½ mL of toluene-d8.  The sample was subjected to two freeze-pump-thaw cycles and H2 gas (1 atm) was 
added at 77K on a high-vacuum line. After heating the reaction for 9 h in at 115 oC, the H2 was vented and 
complete conversion to the primary amine product was observed for 4-tolunitrile by GC-MS analysis. 
When 4-methoxybenzonitrile was used, only the amine product was observed by GC-MS. 
In situ NMR monitoring of a catalytic run 
A standard J. Young NMR tube was charged with 4-methoxybenzonitrile (4.9 mg, 0.0365 mmol), NaOtBu 
(0.2 mg, 0.002 mmol), (MesCCC)Co-py (0.5 mg, 0.0007 mmol), BEt3 (1.0 M in hexane, 1.5 μL, 0.0015 mmol) 
and triphenyl methane (4.46 mg, 0.0182 mmol, internal standard) in ca. ½ mL of toluene-d8.  The sample 
was subjected to two freeze-pump-thaw cycles and H2 gas (1 atm) was added at 77K on a high-vacuum 
line. After warming the NMR tube to ambient temperature, the reaction was heated in a 115 oC oil bath.  
For each time point, the reaction was removed from the oil bath, allowed to cool to ambient temperature, 
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Figure 5.15 1H NMR (C7D8, 500 MHz) spectra of (MesCCC)Co-py (2 mol%), BEt3 (4 mol%), NaOtBu (6 mol%) 
and 4-methoxybenzonitrile under 4 atm of H2 taken a different timepoints during the hydrogenation 
reaction. 
T = 0 min 
T = 50 min 
T = 120 min 
T = 190 min 
T = 250 min 
T = 360 min 
T = 430 min 
T = 480 min 
T = 540 min 
T = 640 min 
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CHAPTER 6: COBALT-MEDIATED 1H AND 13C NMR SIGNAL ENHANCEMENT USING PARAHYDROGEN 
INDUCED POLARIZATION 
 
6.1 Introduction  
 Nuclear magnetic resonance (NMR) is one of the most widely utilized techniques for the 
characterization of a wide variety of compounds and magnetic resonance imaging (MRI) is a diagnostic 
tool in the biomedical field. Even with their extensive use, the full potential of NMR and MRI is limited due 
to the inherent low sensitivity of these spectroscopic tools. A variety of hyperpolarization methods have 
been developed to produce a larger difference in the population of nuclear spin states, e.g. a non-
Boltzmann distribution of spins, to increase the NMR and MRI signal intensity, thereby increasing the 
sensitivity of these instruments.1-3  Among the hyperpolarization methods,3 dynamic nuclear polarization 
(DNP) has advanced over the past few decades to successfully hyperpolarize contrast agents and apply 
them in clinical studies for metabolic imaging.4 However, the excessive cost and difficulty in quickly 
generating hyperpolarized material remains a limitation for the widespread use of DNP.  Parahydrogen 
Induced polarization (PHIP) involves the catalytic pairwise addition of parahydrogen (p-H2) to an 
unsaturated substrate, typically carbon-carbon multiple bonds, using a transition metal catalyst. PHIP is a 
cheaper and faster alternative for the generation hyperpolarized substances compared to DNP.5   
 To prolong the signal enhancement gained from PHIP and enable its use for biomedical applications, 
the transfer of the polarization from added protons to slow relaxing nuclei heteronuclei, such as 
carboxylate 13C or 15N groups, is required. Although this requirement is certainly a limitation to the scope 
of biologically relevant substrates PHIP is compatible with, methods such as PHIP-SAH6,7 (PHIP via the side 
arm hydrogenation), which incorporate unsaturated sites up to five chemical bonds away from slow 
relaxing nuclei (carboxylate 13C or 15N groups), have expanded the number of substrates amenable toward 
hyperpolarization using PHIP.8,9 
 Currently, one major limitation of generating hyperpolarized species using PHIP for in vivo biomedical 
applications or translation into clinical trials is the presence of the toxic hydrogenation catalyst in the 
solution of the hyperpolarized product.5  The removal of the hydrogenation catalyst by means of filtration 
on ionic resins10 or phase extraction6,11 are promising and have been met with limited polarization loss to 
the substrate. Heterogenous catalysts12-18 have also been considered as a tool to address this shortcoming, 
but further work is needed to increase the polarization levels.  An alternative strategy to alleviate this 
limitation involves developing more benign hydrogenation catalytic systems, which would involve the 
incorporation of bioavailable transition metals, in lieu of currently employed toxic, but functional rhodium 
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catalysts.5 In this regard, Earth-abundant hydrogenation catalysts are attractive alternatives.  However, 
due to the requirements of PHIP,19 few first-row transition metal complexes20-25 have been studied using 
PHIP and none have been reported to hyperpolarize 13C NMR signals using p-H2. 
 The cobalt-based hydrogenation catalysts, (MesCCC)Co(H2)(PPh3) and (MesCCC)Co-py (MesCCC = 
bis(mesityl-benzimidazol-2-ylidene)phenyl; py = pyridine), that are active for the hydrogenation of 
carbon-carbon multiple bonds23,24 and nitriles to primary amines,22 respectively, have been previously 
described. Mechanistic studies of the hydrogenation catalysis elucidated catalytically pertinent 
intermediates and established a two-electron redox process, Co(I)/Co(III), was operative. Furthermore, 
given the robust functional group tolerance of the catalytic systems and ability to enhance 1H NMR signals 
of hydrogenated products using PHIP, the ability of the low-valent cobalt complexes to effectively enhance 
the 13C signals using PHIP was questioned. Herein the hydrogenation of olefins featuring carbon-carbon 
double bonds adjacent to carboxylate moieties were targeted using (MesCCC)Co-py and p-H2.  
Furthermore, comparative 13C NMR signal enhancement studies between a commercially available 
rhodium(I) PHIP catalyst, [(dppb)Rh(COD)]BF4 (dppb = 1,4-bis(diphenylphosphino)butane; COD = 1,5-
cyclooctadiene), and (MesCCC)Co-py, demonstrates that the cobalt system is a viable PHIP catalyst 
alternative (Figure 6.1).   
6.2 Hydrogenation of ethyl acrylate using (MesCCC)Co-py and p-H2: A 1H NMR spectroscopic study 
 PHIP studies using (MesCCC)Co-py were commenced following the conditions previously reported in 
the hydrogenation of ethyl acrylate using p-H2 and [(dppb)Rh(COD)]BF4.7 The 16-electron (MesCCC)Co-py 
complex was chosen instead of the 18-electron (MesCCC)Co(N2)(PPh3) complex because the presence of 
triphenyl phosphine was previously demonstrated to inhibit catalysis.23,24  Acetone-d6 was chosen as the 
solvent to carry out the hydrogenation studies so that direct comparisons to the rhodium system7 could 
be made. In our studies, ALTADENA26 conditions were followed (see description in Chapter 1). 




 The addition of 4 atm of p-H2 to a solution of ethyl acrylate (64 mM) and (MesCCC)Co-py (9 mol%) 
(Scheme 6.1) resulted in the hyperpolarization of the 1H NMR signals of ethyl propionate (Figure 6.2, top).  
In addition, the observation of the anti-phase signals of the ethyl propionate was also observed in the 1H-
OPSY (only parahydrogen spectroscopy)27 NMR spectrum (Figure 6.2, bottom). This illustrates the pairwise 
addition in the hydrogenation of ethyl acrylate is feasible using the low-valent cobalt system. 
Furthermore, the catalysis is not inhibited by acetone or the ester functionality of the substrate.   
 
Scheme 6.1 Hydrogenation of ethyl acrylate using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm). 
Figure 6.2 1H NMR using a 45° pulse (top) and 1H-OPSY NMR (bottom) of hydrogenation of ethyl 
acrylate using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) in acetone-d6. 
1H NMR spectrum – acetone-d6  







6.3 Hydrogenation of ethyl acrylate using (MesCCC)Co-py and p-H2: A 13C NMR spectroscopic study 
 Encouraged by the ability of (MesCCC)Co-py to hydrogenate ethyl acrylate in a pairwise manner, the 
collection of 13C NMR data was pursued next to probe if the hyperpolarization transfer from the protons 
Figure 6.3 13C NMR spectrum (1 scan) of hydrogenation of ethyl acrylate using (MesCCC)Co-py (9 mol%) 
and p-H2 (4 atm) in acetone-d6 (*) (top), displayed in absolute mode (middle) and 13C{1H} NMR 
spectrum of the same reaction (bottom).  
13C{1H} NMR spectrum - acetone-d6 
13C NMR spectrum - acetone-d6 


















to 13C signals could be accomplished. The transfer of hyperpolarization from 1H to heteronuclei occurs 
through scalar coupling28 and the transfer efficiency has been improved by a variety of different methods, 
namely by application of pulse sequences,29-31 magnetic field cycling32,33 and adiabatic passage through 
level anticrossing.34 Because the resonance frequencies of all nuclei are the virtually the same at low field 
(either Earth’s magnetic field or zero field inside a mu-metal cylinder), the nuclear polarization is 
transferred to all magnetically active nuclei.35  Moreover, since the difference between 13C and 1H 
resonance frequency is negligible compared to the coupling constants of the two nuclei, the efficient 
polarization transfer from 1H to 13C nuclei occurs at low magnetic fields without the application of tailored 
pulse sequences.5,35 In the following studies, the addition of p-H2 and subsequent hydrogenation occurs 
at Earth’s magnetic field (ALTADENA conditions), then the sample is subjected to 13C NMR data collection.  
 The hydrogenation of ethyl acrylate using (MesCCC)Co-py and p-H2 under 4 atm was performed at 
Earth’s magnetic field with vigorous shaking (ca. 5 seconds) and then the sample was quickly transferred 
to the NMR spectrometer for 13C data acquisition at room temperature (ca. 15 seconds) (Figure 6.3).  The 
13C NMR spectrum shows the enhancement of the 13C signals corresponding to the C1, C2 and C3 position 
of ethyl propionate (Figure 6.3, top & middle). Furthermore, the hyperpolarization is also observed in the 
13C{1H} NMR spectrum, albeit with a lower signal enhancement for the C3 carbon atom. The signal-to-
noise ratio in the 13C NMR spectrum (Figure 6.3, bottom) for C1, C2, C3 was found to be 108, 29 and 12, 
respectively. The signal-to-noise ratio in the 13C{1H} NMR spectrum (Figure 6.3, bottom) for C1 and C2 was 
found to be 62 and 23, while C3 resonance was not resolved.  
 A recent study using a rhodium catalyst for PHIP of amino acid derivatives demonstrated that the 
efficacy of hyperpolarization arising from p-H2 addition36 can be increased at elevated temperatures. 
Considering a related hydrogenation catalyst, (MesCCC)Co(N2)(PPh3), was demonstrated to be stable at 80 
°C,23 and (MesCCC)Co-py was also demonstrated to operate at 115 °C for the hydrogenation of nitriles,22 
the temperature of the hydrogenation of ethyl acrylate using (MesCCC)Co-py was increased to determine 
if higher polarization levels of the 13C NMR signals could be achieved. The temperature of the reaction 
was increased to 37 °C (body temperature) considering the potential use of the catalysts for biomedical 
applications. 
 Upon heating the reaction mixture (ethyl acrylate, (MesCCC)Co-py (9 mol%), and p-H2 (4 atm)) in the 
NMR spectrometer at 37 °C, the sample was quickly removed, transferred to at Earth’s magnetic field, 
shaken vigorously (ca. 5 seconds) and then the sample was transferred back to the NMR spectrometer for 
13C data acquisition at 37 °C (ca. 15 seconds). The 13C and 13C{1H} NMR spectra show the enhancement of 
C1, C2, and C3 positions of ethyl propionate (Figure 6.4).  Unlike at 20 °C, the C3 resonance of ethyl 
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propionate in the 13C{1H} spectrum was observed (Figure 6.4, bottom). In the 13C NMR spectrum (Figure 
6.4, top) the signal-to-noise ratio for C1, C2, C3 increased to 150, 40 and 22, respectively. Similarly, in the 
Figure 6.4 13C NMR spectra (1 scan) (displayed in absolute mode) of the hydrogenation of ethyl acrylate 
using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) in acetone-d6 (*) at 37 °C (1st shake – top, 2nd- shake 
middle). 13C{1H} NMR spectrum of the same reaction (3rd - shake bottom). 














C=C of ethyl acrylate 
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13C{1H} NMR spectrum (Figure 6.4, bottom) the signal-to-noise ratio C1 and C2 increased to 140 and 44 
and resonance C3 was resolved with a signal-to-noise ratio of 8. 
 
6.4 Hydrogenation comparisons to [(dppb)Rh(COD)]BF4 using NMR Studies 
 Not only does (MesCCC)Co-py hydrogenate and enable the hyperpolarization of the 1H NMR signals in 
the product of ethyl acrylate using p-H2, but the complex is also effective in enabling the signal 
enhancement of 13C resonances of ethyl propionate. To further realize the potential of (MesCCC)Co-py as 
a PHIP catalyst and possibly serve as alternative to the widely utilized rhodium system,7 a comparative 
parahydrogenation study between the two group 9 metal complexes was undertaken.  
 Under the identical catalytic conditions using [(dppb)Rh(COD)]BF4 (9 mol%) (Figure 6.5, top) and 
(MesCCC)Co-py (9 mol%) (Figure 6.5, bottom) as the catalyst, the parahydrogenation of ethyl acrylate at 37 
°C was carried out using the previously described protocol and the 13C NMR spectra were acquired after 
1 scan and are depicted in Figure 6.5.  The 13C signal enhancement for the carboxylate carbon, C3, in ethyl 
propionate appear identical using the cobalt or rhodium catalyst but differences in intensity arise for the 
C2 and C1 carbon positions.  
 To understand the magnitude of the enhancement, integration of each hyperpolarized 13C position 
was compared to a single scan of a 500 mM ethyl propionate standard and enhancement factors were 
calculated (Figure 6.6). Excitingly, the carboxylate carbon, C3, showed identical signal enhancement 
Figure 6.5 13C NMR spectrum (1 scan) (displayed in absolute mode) of the hydrogenation of ethyl acrylate 
using [(dppb)Rh(COD)]BF4 (top) and (MesCCC)Co-py (bottom) and p-H2 (4 atm) in acetone-d6 (*) at 37 °C.  
13C NMR spectrum - acetone-d6 










factors for the cobalt and rhodium catalytic systems (Figure 6.6). This demonstrates that the cobalt system 
is equally effective for the generation of hyperpolarized 13C signals of the carboxylate carbon as the 
rhodium(I) complex.  Interestingly, the signal enhancement factor for position C2 is larger for the rhodium 
system, while the opposite is true for the C1 position (Figure 6.6).  
 These differences may arise from the catalytic pathway each metal undergoes during the 
hydrogenation process.  Extensive mechanistic studies regarding the operative mechanism of chelating 
diphosphine rhodium(I) hydrogenation catalysts have elucidated that the coordination of the olefin, 
followed by irreversible addition of H2 occurs, yielding the hyperpolarized product.37,38 The operative 
hydrogenation mechanism for (MesCCC)Co-py has not been fully examined. Such studies may offer insights 
into the observed differences in the 13C NMR signal enhancement and future catalyst design. 
  
6.5 Mechanistic studies – stochiometric studies  
 To probe the potential distinctions between the rhodium and cobalt systems, mechanistic studies of 
the hydrogenation process using (MesCCC)Co-py were undertaken.  To this end, the coordination of the 
olefin to the metal center was examined. The addition of 10 equiv of ethyl acrylate to (MesCCC)Co-py 
resulted in the formation of a yellow solution after 2 h, and following work up, (MesCCC)Co(η2-
H2C=CHCOOCH2CH3)2 was isolated as a yellow solid in 81% yield (Scheme 6.2).  
 Characterization of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 by 1H NMR spectroscopy revealed a 
diamagnetic spectrum with 15 resonances (Figure 6.7).  Three singlets integrating to 6H each, 
corresponded to the mesityl methyl groups on the ligand periphery, while the downfield resonances, 
integrating to 15H, were assigned to the aryl backbone of the pincer ligand. Integration of the remaining 
1H NMR resonances were assigned to the bound olefin, which are shifted upfield from the free olefin.  
Catalyst
13C Position Type of 
Enhancement1 2 3
(MesCCC)Co-py 4,773 755 148
Signal area
[(dppb)Rh(COD)]BF4 751 800 145
(MesCCC)Co-py 239 72 25 Signal-to-noise 
ratio[(dppb)Rh(COD)]BF4 69 74 19
Figure 6.6 Comparis n of the 13C NMR signal enhancement of ethyl propionate using 
[(dppb)Rh(COD)]BF4 and (MesCCC)Co-py at 37 °C.  
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Based on the integration, it was concluded that 2 olefins were bound to the metal complex, furnishing an 
18-electron Co(I) species. Additional characterization of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 by X-ray 
diffraction studies confirmed the formulation of the complex (Figure 6.8, Tables 6.1 and 6.2). Interestingly, 
Scheme 6.2 Synthesis of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 from (MesCCC)Co-py. 
Figure 6.7 1H NMR spectrum of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2. 








Figure 6.8 Molecular structure of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 with 50% probability 







no interaction between the metal center and C=O functionality is observed and bonding to the cobalt 
center is engaged through the carbon-carbon double bond of ethyl acrylate. This resembles the first step 
of rhodium hydrogenation catalysis, where olefin coordination occurs first.37,38  
 
6.6 Mechanistic studies – catalytic studies  
 Under catalytic conditions, an ethyl acrylate molecule is assumed to displace the pyridine ligand from 
the metal center for hydrogenation to occur. To examine if pyridine is necessary for catalysis, 
(MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 was used instead of (MesCCC)Co-py in a catalytic run. The observation 
of hyperpolarized ethyl propionate resonances in the 1H NMR spectrum demonstrates pyridine is not 
necessary for the catalysis to occur.  A closer examination of the 1H NMR spectrum of a solution of ethyl 
acrylate, (MesCCC)Co-py and p-H2 in benzene-d6 confirms the loss of pyridine as evidenced by the 
resonance at 8.53 ppm, corresponding to the ortho-hydrogen atoms on pyridine, while the meta and para 
hydrogen atoms of pyridine could not be resolved (Figure 6.9). Furthermore, the singlets corresponding 
to the mesityl methyl groups observed at 2.57, 1.92 and 1.49 ppm are evidence of the presence of 
(MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 in solution (Figure 6.9).  Each of the mesityl methyl resonances 
integrate to 6H each, while the resonance at 8.53, ppm, assigned to pyridine, corresponds to 2H. 
Figure 6.9 1H NMR spectrum of (MesCCC)Co-py, ethyl acrylate under 4 atm of p-H2. 
(*denotes mesityl methyl groups of (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2). 
* * * 





  Although (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 was observed during the catalytic reaction (Figure 6.9), 
for a PHIP effect to be observed, p-H2 must displace one of the olefins to generate the active species, 
thereby allowing for oxidative addition of p-H2 onto the metal center. A closer examination of the hydridic 
region of the 1H NMR spectrum (Figure 6.9) revealed a singlet antiphase resonance at -4.41 ppm in 
benzene-d6. Based on the chemical shift, the antiphase resonance was assigned as a transient cobalt-
hydride (Figure 6.9 and 6.10). However, an additional resonance from the pairwise addition of p-H2 was 
not resolved in the hydridic (cobalt-hydride species) region of the 1H NMR spectrum. Furthermore, based 
on the magnitude of the resonance at -4.41 ppm, a similar species in the aliphatic region would naturally 
be difficult to characterize on the account of the hyperpolarized ethyl propionate and additional ligand 
resonances present.  
 Nonetheless, the greatly enhanced C1 13C signals of ethyl propionate (Figure 6.6) suggests a cobalt 
alkyl hydride species (Figure 6.10) may be involved in the hydrogenation process.  From this proposed 
intermediate, hyperpolarized ethyl propionate could be released; reductive elimination or β-hydride 
elimination could yield hyperpolarized olefinic 13C resonances of ethyl acrylate (Figure 6.4, top). 
 
6.7 Substrate scope  
 Seeking to further develop (MesCCC)Co-py as a more general PHIP catalyst, additional substrates 
bearing carbon-carbon double bonds adjacent to a carboxylate or carbonyl group were examined.  The 
hydrogenation of methyl acrylate using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) was carried out using 
the previously described protocol at 37 °C. The 13C NMR spectrum (Figure 6.11) displayed a similar signal 
enhancement pattern, albeit weaker, compared to that observed with ethyl propionate (Figure 6.4). The 
13C signal enhancement likely is due the lower solubility of the metal-olefin complex, as particulates in the 
J Young NMR tube were observed during the experiments.  The use of methyl vinyl ketone as a substrate 
resulted in the hyperpolarization of the C1 position of butan-2-one, while the signal enhancement of the 
C2 or carbonyl carbon was not observed (Figure 6.12).  The solubility of the metal-olefin complex is likely 
Figure 6.10 Proposed alkyl hydride cobalt intermediate. 
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the basis of the lower observed 13C signal enhancement, as particulates were also observed during the 
catalytic studies.  
  To mitigate the influence of solubility of the metal-olefin complex in the generation of hyperpolarized 
13C resonances, the use of butyl acrylate was examined. It was hypothesized the longer alkyl chain would 
increase solubility of the metal-olefin precatalyst in acetone and allow for the improved 13C signal 
Figure 6.11 13C NMR spectrum (1 scan) (displayed in absolute mode) of the hydrogenation of methyl 
acrylate using (MesCCC)Co-py and p-H2 (4 atm) in acetone-d6 (*) at 37 °C.  






Figure 6.12 13C NMR spectrum (1 scan) (displayed in absolute mode) of the hydrogenation of methyl 
vinyl ketone using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) in acetone-d6 (*) at 37 °C.  





hyperpolarization.  To this end, the hydrogenation of butyl acrylate using (MesCCC)Co-py (9 mol%) and p-
H2 (4 atm) was carried out following the previously described protocol in acetone-d6. The 13C NMR 
spectrum (Figure 6.13) displayed the 13C signal enhancement for C1, C2, and C3 position of butyl 
propionate, as well as the olefinic carbon atoms, 129.2 and 128.1 ppm, of butyl acrylate. The signal-to-
noise ratio for the C1, C2, and C3 position was 98, 23, and 9, respectively.  Compared to the signal-to-
noise ratio of hyperpolarized 13C resonances in ethyl propionate, the increased solubility of butyl acrylate 
did not correlate with increased 13C signal enhancement.  In this case, the butyl group may influence the 
β-hydride elimination pathway, as seen in the hyperpolarized olefinic 13C resonances of butyl acrylate.  
 Seeking to further increase the utility of the cobalt system as a PHIP catalyst, the functional group 
tolerance22-24 of (MesCCC)Co-py was extended to include biologically relevant functionalities.  The 
hyperpolarization of propanamide in the 1H NMR spectrum from the parahydrogenation of acrylamide 
using (MesCCC)Co-py (9 mol%) as the catalyst is indicative of the robust functional group tolerance of the 
system (Figure 6.14). This signifies that future PHIP substrates featuring unprotected N atoms, such as 
NH2 groups (present in amino acid derivatives),36,39 will be amenable toward PHIP with (MesCCC)Co-py.  The 
collection of 13C NMR data was pursued next to probe if the polarization transfer to 13C signals could be 
achieved in propanamide.  Unfortunately, corresponding 13C NMR signals of propanamide or acrylamide 
were not observed in the 13C NMR spectrum. Even though hyperpolarization is observed in the 1H NMR 
spectrum, the low solubility of the olefin-metal complex likely contributes to lower hydrogenation 
Figure 6.13 13C NMR spectrum (1 scan) (displayed in absolute mode) of the hydrogenation of butyl 
acrylate using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) in acetone-d6 (*) at 37 °C.  









efficiency of the active catalyst precluding the observation of a 13C signal enhancement by NMR 
spectroscopy. 
  
6.8 Air-stable cobalt catalyst – (MesCCC)CoCl2py 
 The capacity of (MesCCC)Co-py to hyperpolarize 13C NMR signals of the hydrogenation products of 
ethyl, methyl, and butyl acrylate, as well as methyl vinyl ketone, with p-H2 offers a potential alternative to 
the rhodium catalysts currently employed. The 16-electron cobalt(I) complex, (MesCCC)Co-py, is stable 
toward hydrogenation in acetone, however, catalyst’s sensitivity to air limits the potential of this system. 
The bench-stable 18-electron cobalt(III) precursor, (MesCCC)CoCl2py, was shown to selectivity hydrogenate 
nitriles to primary amines upon the in situ activation with NaHBEt3.22 A similar approach was envisioned 
Figure 6.14 1H NMR spectrum using a 45° pulse (top) and 1H-OPSY NMR (bottom) hydrogenation of 
acryl amide using (MesCCC)Co-py (9 mol%) and p-H2 (4 atm) in acetone-d6 (*) at 25 °C.  
1H-OPSY NMR spectrum – acetone-d6  
1H NMR spectrum – acetone-d6  
Ha Hb 
Ha Hb 
hyperpolarized olefinic protons of the starting compound 
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to determine if starting with the Co(III) precursor was a feasible route toward the generation of the 
hyperpolarized 13C signals of the hydrogenation product of ethyl acrylate.  
 To this end, the hydrogenation of ethyl acrylate using (MesCCC)CoCl2py (9 mol%), NaHBEt3 (19 mol%) 
and p-H2 (4 atm) was carried out following the previously described protocol in acetone-d6 (Figure 6.15). 
The 13C NMR spectrum shows the enhancement of the C1, C2, and C3 position of ethyl propionate as well 
as the olefinic C atoms of ethyl acrylate after the first set of data was collected (Figure 6.15, top).  During 
the second shake of the sample following the same hydrogenation protocol, signal enhancement of C1, 
C2, and C3 positions of ethyl propionate were observed (Figure 6.15, middle). The signal-to-noise ratio of 
Figure 6.15 13C NMR spectrum (1 scan) of hydrogenation of ethyl acrylate using (MesCCC)CoCl2py (9 
mol%), NaHBEt3 (19 mol%) and p-H2 (4 atm) in acetone-d6 (*) (top), displayed in absolute mode 
(middle) and 13C{1H} NMR spectrum of the same reaction (bottom). 
13C NMR spectrum – acetone-d6 
13C NMR spectrum – acetone-d6 
















C=C of ethyl acrylate  
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C1, C2, and C3 were determined to be 105, 27, and 7, respectively. This signifies that the bench-stable 
cobalt(III) precursor can serve as a viable starting complex for the generation of hyperpolarized 13C NMR 
signals through PHIP.  
 
6.9 Conclusion  
 In conclusion, (MesCCC)Co-py was shown to hyperpolarize the 13C NMR signals of ethyl propionate by 
the parahydrogenation of ethyl acrylate.  Comparisons of the carboxylate 13C signal enhancement of ethyl 
propionate using [(dppb)Rh(COD)]BF4 and (MesCCC)Co-py, demonstrated that the cobalt complex 
hyperpolarization efficiency is comparable with the rhodium system.  Stochiometric studies revealed the 
coordination mode of the olefin with the cobalt center and in situ 1H NMR studies showed cobalt-olefin 
complexes can serve as the precatalysts. Furthermore, based on 1H and 13C NMR spectroscopic data, the 
binding of the olefin with the metal center is a reversible process and is proposed to transpire through a 
cobalt-alkyl hydride intermediate. Lastly, the success of a bench-stable cobalt precursor, (MesCCC)CoCl2py, 
activated in situ with NaHBEt3 along with the robust functional group tolerance demonstrates that this 
cobalt bis(carbene) pincer system is a viable alternative to the widely employed rhodium PHIP catalyst. 
 
 6.10 Experimental section  
 General considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise. All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.40 Acetone-d6 and 
benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored over 4 Å 
molecular sieves prior to use. Sodium triethylborohydride solution (1.0 M in toluene) was purchased from 
Sigma-Aldrich. Celite® 545 (J. T. Baker) was dried in a Schlenk flask for 24 h under dynamic vacuum while 
heating to at least 150˚C prior to use in a glovebox. NMR Spectra were recorded at room temperature on 
a Varian spectrometer operating at 500 MHz (1H NMR) and 126 MHz (13C NMR) (UI500NB) and 600 MHz 
(1H NMR) and 150 MHz (13C NMR) (UI600) and referenced to the residual HD2COCD3 and C6D5H resonance 
(δ in parts per million, and J in Hz). (MesCCC)CoCl2py41 and (MesCCC)Co-py22 were prepared according to 




Synthesis of cobalt(I) complexes 
Preparation of (MesCCC)Co(η2-H2C=CHCOOEt)2: A 20 mL scintillation vial was charged with (MesCCC)Co-py 
(0.036 g, 0.053 mmol) and THF (10 mL).  Ethyl acrylate (55 uL, 0.530 mmol, 10 eq) was added and the 
solution was stirred for 2 h. After removing the THF was removed under reduced pressure and washing 
the solid was washed with Et2O (2 x 5 mL), the remaining residue was extracted with benzene (10 mL).  
Removal of the solvent under reduced pressure resulted in a fine yellow powder (0.034 g, 0.042 mmol, 
81%).  NMR data (in benzene-d6, 25 °C):  1H δ = 7.87-7.77 (m, 4H), 7.56 (t, J = 7.3, 1H), 7.02 (t, J = 7.8, 2H), 
6.80 (t, J = 7.8, 2H), 6.70 (s, 2H), 6.60 (s, 2H), 6.34 (d, J = 7.9, 2H), 3.62-3.47 (m, 4H), 3.45 (s, 6H),  2.59 (s, 
6H), 1.93 (s, 6H), 1.51 (s, 6H), 0.76 (t, J = 7.4, 6H). 13C δ = 204.3, 181.3, 176.3, 148.7, 138.9, 138.6, 138.3, 
137.1, 132.6, 131.5, 130.4, 129.1, 128.6, 123.0, 122.7, 122.5, 110.8, 110.0, 108.4, 59.0, 50.3, 39.1, 20.8, 
19.4, 18.5, 14.5.  
 
Mechanistic studies 
Parahydrogen induced polarization NMR studies 
Sample preparation using (MesCCC)Co-py. A standard 4 mL scintillation vial was charged with (MesCCC)Co-
py (2.0 mg, 0.00294 mmol), ethyl acrylate (3.5 μL mg, 0.032 mmol) and dissolved in ½ mL of acetone-d6 
and transferred to a J. Young NMR tube.   The sample was subjected to two freeze-pump-thaw cycles and 
p-H2 gas (1 atm) was added at 77K on a high-vacuum line.  The sample was kept frozen in liquid nitrogen 
and warmed to ambient temperature and shaken immediately at Earth’s magnetic field for ca. 5 seconds 
prior to inserting into the NMR spectrometer.  For the reactions carried out at 37 °C, the temperature of 
NMR probe was set to 37 °C and sample was warmed to ambient temperature, then inserted into the 
NMR and warmed for 2 minutes. The sample was removed from the spectrometer, shaken at Earth’s 
magnetic field for 5 seconds and inserted into the NMR spectrometer and a single 13C scan was acquired 
(ca. 15 sec).  
Sample preparation using (MesCCC)CoCl2py. To a standard 4 mL scintillation vial charged with 
(MesCCC)CoCl2py (2.2 mg, 0.00294 mmol), a solution NaHBEt3 (1.0 M in toluene, 6.2 μL, 0.0062 mmol) was 
added resulting effervesce of the brown suspension.  The brown mixture was dissolved in ½ mL of 
acetone-d6 and ethyl acrylate (3.5 μL mg, 0.032 mmol) was added and the resulting yellow solution was 
transferred to a J. Young NMR tube. The addition of p-H2 and collection of 13C NMR data was identical to 




NMR spectrometer. All PHIP 1H NMR data presented herein were collected on a Varian UNITY INOVA 500 
NB High-Resolution NMR Console with a 5mm Varian 1H{13C/15N} PFG Z probe. All PHIP 13C data presented 
herein were collected on a Varian UNITY INOVA 600 NB High-Resolution NMR Console with a 5mm Varian 
AutoTuneX 1H/X PFG Z probe, X=31P-15N.  All spectra 1H NMR data were collected in acetone-d6 or benzene-
d6 and the residual solvent resonance was referenced to 2.05 or 7.16 ppm, respectively. All 13C NMR data 
were collected using acetone-d6 and the residual solvent was referenced to 206.26.  1H NMR spectra were 
recorded using 45o pulse angle. 13C NMR spectra were recorded using a standard 90° pulse.  The spectral 
window of 30 ppm was used in both proton and 1H-OPSY experiments and 245 ppm in the 13C NMR 
experiments.  1H-OPSY NMR data was collected via a double quantum coherence pathway using the pulse 
sequence below (Figure 6.16).  The OPSY spectra are anti-phase peaks, and they are generally displayed 
with absolute mode in the following spectra.42,43 
  
 
Generation of para-hydrogen.  A parahydrogen converter was used to generate the para-H2 enriched 
hydrogen gas. This consisted of copper tubing filled with a hydrous ferric oxide catalyst that was cooled 
to 15 K using a closed-cycle 4He cryostat. A detailed description of the converter can be found in Tom et 
al., which was able to consistently convert naturally occurring hydrogen gas (3:1 ortho:para) to 99.99% 
para-H2.44  
  
Figure 6.16 Double quantum OPSY pulse sequence (OPSY-d): the vertical bar at 1H channel 
represents S/2 pulse.  Phase cycle: I1: (y)4(x)4, I2: (x)4(y)4, rec: (x)4(y)4.   Z Gradient:  50 G/cm 
rectangular gradient was used.  First gradient was applied for 1ms in the opposite direction of the 
second gradient which was applied for 2ms.  0.5ms gradient recovery delays were used after each 












Table 6.1 Crystallographic parameters for (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2. 
  (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 
dd59h 
Empirical Formula C52 H59 Co N4 O5 
Formula Weight 878.96 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P 21/n 
Unit Cell Dimensions 
a = 9.4490(5) Å 
b = 27.3062(12) Å 
c = 17.6271(8) Å 
α= 90° 
β= 99.799(2)° 
γ = 90° 
Volume 3381.7(4) Å3 
Z 4 
Reflections collected 73827 
Independent reflections 8220 
Goodness-of-fit on F2 1.068 
Final R indices [I>sigma(l)] R1 = 0.0506 
























Table 6.2 Selected bond lengths and angles for (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2. 
  (MesCCC)Co(η2-H2C=CHCOOCH2CH3)2 
Bond Distances (Å)  
Co – CNHC 1.954(3) 
Co – Caryl 1.902(3) 
Co – CNHC 1.1.961(3) 
Co – CC=C 2.1610(3) 
Co – CC=C 2.1701(3) 
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CHAPTER 7: OXIDATIVE ADDITION, MIGRATORY INSERTION AND REDUCITVE ELIMINATION 
CHEMISTRY WITH PINCER BIS(CARBENE) COBALT COMPLEXES† 
 
7.1 Introduction  
 Predictable two-electron chemistry is an attractive feature of late second- and third-transition metal 
complexes.1 Along with the ease of handling and conferred high activity, numerous catalytic systems are 
based on the applications of such transition metal complexes.2 Due to the well-defined nature of these 
complexes, detailed mechanistic insights about the operative reaction pathways have facilitated 
improvements of these catalytic systems. 
 Recently, the use of electron-rich pincer ligand systems has emerged as a prominent tactic to allow 
similar reactivity profiles with more abundant and relatively less toxic first-row transition metals.3-7 In our 
group, the strongly σ-donating CCC pincer ligand platform complexed with cobalt has demonstrated well-
defined two-electron chemistry in the hydrosilylation of alkenes,8 hydroboration of alkenes and nitriles9 
and hydrogenation of olefins,10 alkynes11 and nitriles.12  Based on the paraHydrogen Induced Polarization 
(PHIP) NMR studies of these catalytic hydrogenation processes,10-12 the predictable two-electron reactivity 
of the low-valent cobalt complexes emboldened us to apply these compounds as PHIP catalysts to 
enhance 13C NMR signals using parahydrogen (p-H2). 
 To further examine the potential of these cobalt CCC complexes, stoichiometric studies toward two 
electron oxidants and reductants were necessary. The proposed mechanistic steps of the hydrogenation 
reactions in this system (oxidative addition, migratory insertion and reductive elimination), were 
postulated because of the observation of a PHIP effect in the hydrogenation studies, rather than the direct 
observation of such intermediates.  In this chapter efforts toward the synthesis of new cobalt complexes 
supported by the MesCCC ligand platform to study fundamental organometallic reactions,13 specifically 
those proposed in the catalytic cycle of the hydrogenation of carbon-carbon multiple bonds, were 
undertaken.  
 
7.2 Synthesis of (MesCCC)Co-HCl(PMe3) 
 In the (MesCCC)Co system, the cleavage of the H-H bond by the low valent cobalt complexes transpires 
throughout the catalytic hydrogenation of olefins,10 alkynes,11 and nitriles;12 however, the oxidative 
                                                          
† Portions of this chapter are reproduced from the following publications with permission from the authors. Tokmic, K.; Markus, 
C. R.; Zhu, L.; Fout, A. R. Well-Defined Cobalt(I) Dihydrogen Catalyst: Experimental Evidence for a Co(I)/Co(III) Redox Process in 
Olefin Hydrogenation. J. Am. Chem. Soc. 2016, 138, 11907-11913.  
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addition product (Co-(H)2 species) has not been isolated. An alternative synthetic route to further 
understand H2 reactivity with the cobalt complexes was sought. The addition of 1 equiv of HCl•Et2O to 
(MesCCC)Co(N2)(PPh3)14 led to the formation of an orange solution and following workup, the 1H NMR 
spectrum of the orange solid in benzene-d6 displayed broad paramagnetic resonances. The IR spectrum 
did not display an absorption characteristic of a cobalt-hydride.  After unsuccessful efforts to 
crystallographically characterize the newly formed species, 1 equiv of HCl·Et2O was added to a THF 
solution (MesCCC)Co(N2)(PMe3).  A color change of the solution resulted and after work up, an orange solid, 
(MesCCC)Co-HCl(PMe3) was isolated in 80% yield (Scheme 7.1).  
 Characterization of (MesCCC)Co-HCl(PMe3) by 1H NMR spectroscopy in benzene-d6 revealed a Cs-
symmetric molecule in solution, (Figure 7.1) similar to that of (MesCCC)Co(N2)(PMe3). A doublet at −10.0 
ppm corresponding to 1H with a T1(min) value of 139 ms was assigned as a hydride and the large J value 
of this resonance (2JHP = 109 Hz) indicated a trans substitution of the hydride with respect to the 
phosphine. The observation of a similar resonance for the analogous reaction with DCl·Et2O at −10.0 ppm 
(2JDP = 16.4 Hz) in the 2H NMR spectrum further established that the source of the cobalt-hydride was the 
Figure 7.1 1H NMR spectrum of (MesCCC)Co-HCl(PMe3). 










added acid (no resonances indicative of the protonation of the carbene moiety or pincer framework were 
observed) (Figure 7.2).  The presence of an absorption band at 1828 cm−1 in the IR spectrum was also 
consistent with a Co−H vibration mode, while the Co−D absorption band (calculated 1304 cm−1) was not 
resolved in the fingerprint region of the IR spectrum.  
 Single crystals suitable for X-ray structure determination were grown from a concentrated diethyl 
ether solution of (MesCCC)Co-HCl(PMe3) and supported the oxidative addition of HCl onto (MesCCC)Co-
(N2)(PMe3) (Figure 7.3).  The octahedral cobalt complex has a slightly elongated Co−CNHC (1.922(3) and 
1.919(3) Å) and Co−P (2.2229(8) Å) bond lengths and a mildly shorter Co−Caryl bond length (1.857(3) Å) 
when compared to (MesCCC)Co-(N2)(PMe3) (Table 7.1 and 7.2).  The Co− Cl bond distance of 2.3057(7) Å is 
longer than the two Co−Cl bond lengths in (MesCCC)CoCl2py14 (2.2751(13) and 2.2651(12) Å), likely due to 
the Caryl trans influence. The hydride was found in the difference map with 88% occupancy and a bond 
Figure 7.2 2H NMR spectrum of (MesCCC)Co-DCl(PMe3) in benzene. 
2H NMR spectrum – C6H6  
C6D6  
Co-D  
Figure 7.3 Molecular structure of (MesCCC)Co-HCl(PMe3) with 50% probability ellipsoids. Solvent 
molecules and H atoms have been removed for clarity. 
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length of 1.40(5) Å from the metal center. The remainder of the electron density was modeled as a 
chloride atom with a bond length of 2.486(6) Å from the metal center, giving rise to a new Co(III) species, 
(MesCCC)CoCl2(PMe3) (Figure 7.4 and Table 7.1 and 7.2).  
 The formation of (MesCCC)CoCl2(PMe3) likely coincided with the addition of a slight excess of 1 equiv 
of HCl to (MesCCC)Co-(N2)(PMe3). This was corroborated by the addition of another equivalent of HCl·Et2O 
to a solution of (MesCCC)Co-HCl(PMe3) in benzene-d6 (Scheme 7.2 and Figure 7.23). The appearance of 
resonances corresponding to (MesCCC)CoCl2(PMe3), as well as H2 gas observed in the 1H NMR spectrum, 
supports that (MesCCC)CoCl2(PMe3) is generated by the addition excess of HCl to (MesCCC)Co-(N2)(PMe3) 
(Figure 7.23). (MesCCC)CoCl2(PMe3) was also independently prepared by the addition of 2 equiv of ClCPh3 
to (MesCCC)Co-(N2)(PMe3). 
 
7.3 Synthesis of (MesCCC)Co-HClpy 
 Mechanistic insights from PHIP NMR studies provide evidence that the addition of H2 onto the cobalt 
center occurs via cis-addition in a concerted fashion.11,12 The addition of HCl onto the square pyramidal 
cobalt complex, (MesCCC)Co(N2)(PMe3), yielded the octahedral cobalt complex, (MesCCC)Co-HCl(PMe3). 
Figure 7.4 Molecular structure of (MesCCC)CoCl2(PMe3) with 50% probability ellipsoids. Solvent 
molecules and H atoms have been removed for clarity. 
Scheme 7.2 Synthesis of (MesCCC)Co-Cl2(PMe3) via the addition HCl to (MesCCC)Co-HCl(PMe3). 
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Even though a cis-addition product was observed, the nature of the HCl addition process remains unclear. 
Presumably an ionic mechanism is followed, and the cis-addition product may also be dictated by the 
steric factors of the PMe3 ligand.  The addition of HCl onto a square planer cobalt(I) species, (MesCCC)Co-
py, was explored to provide further insight into the manner in which HCl is added to the cobalt center.  
 To this end, 1 equiv of HCl was added to a cold THF solution of (MesCCC)Co-py and upon work-up, 
(MesCCC)Co-HCl(py), was isolated as a yellow solid in 60% yield (Scheme 7.3). Characterization by 1H NMR 
spectroscopy in benzene-d6 revealed a CS-symmetric species present in solution, analogues to (MesCCC)Co-
HCl(PMe3) (Figure 7.5).  A singlet at -23.53 ppm integrating to 1H with a T1(min) value of 115 ms at 293K 
was assigned as a cobalt-hydride. The presence of an absorption band at 1895 cm−1 in the IR spectrum 
was consistent with a Co−H vibration mode.  
 To further examine the nature of HCl addition on the square planar cobalt complex, single crystals 
suitable for X-ray diffraction studies were grown from a saturated benzene solution of (MesCCC)Co-HCl(py).  
Despite the poor crystal quality, the connectivity of the complex shows the octahedral cobalt center 
bound by the pincer ligand, pyridine, chloride and a hydride moiety (Figure 7.6).  Unlike in (MesCCC)Co-
Figure 7.5 1H NMR spectrum of (MesCCC)Co-HCl(py) in benzene-d6. 






Scheme 7.3 Synthesis of (MesCCC)Co-HCl(py) via the addition HCl to (MesCCC)Co-py. 
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HCl(PMe3), the chloride and hydride are trans to one another in (MesCCC)Co-HCl(py), demonstrating that 
HCl addition follows the expected ionic mechanism of oxidative addition.  
 
7.4 Alternative route to (MesCCC)Co-HCl(PMe3) 
 The addition of HCl proved to be a synthetically viable route toward the generation of cobalt(III)-
hydride precursors on the bis(carbene) ligand platform for further reactivity studies.  However, the 
generation of (MesCCC)CoCl2(PMe3) from the slight excess of HCl addition, motivated us to find alternative 
protocols for the synthesis of cobalt(III)-hydride complexes and also investigate metalation protocols of 
the ligand precursor, [H3(MesCCC)]Cl2. In parallel to our group’s work with iron CCC chemistry,15 (MesCCC)Co-
HCl(PMe3) was prepared in a two-step procedure starting with the imidazolium salt, [H3(MesCCC)]Cl2 
(Scheme 7.4).  
Figure 7.6 Connectivity of (MesCCC)Co-HCl(py). Solvent molecules and H atoms have been omitted for 
clarity. 
Caryl 




Scheme 7.4 Two-step synthesis of (MesCCC)Co-HCl(PMe3) from [H3(MesCCC)]Cl2. 
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 The addition of lithium hexamethyldisilazide (LiN(SiMe3)2) to a THF suspension of [H3(MesCCC)]Cl2 and 
CoCl2 resulted in the formation of a light-blue complex, H2(MesCCC)CoCl3, in 90% yield after workup 
(Scheme 7.4).  Characterization of H2(MesCCC)CoCl3 by 1H NMR spectroscopy revealed 16 broadened 
resonances ranging from 12 to 0 ppm (Figure 7.7). Single crystals suitable for X-ray diffraction studies were 
grown from a saturated solution of H2(MesCCC]CoCl3 in THF. The metal center adopts a distorted trigonal 
pyramidal (τ = 0.9)16 geometry (Figure 7.8 and Tables 7.1 and 7.2). The cobalt(II) center in the zwitterionic 
complex, H2(MesCCC]CoCl3, is ligated by one CNHC atom and three chloride moieties. 
 Following the characterization H2(MesCCC]CoCl3, we turned our attention to the synthesis of the 
cobalt(III)-hydride complex. The addition of a mixture of LiN(SiMe3)2 (1 equiv) and KC8 (1 equiv) in THF to 
a THF suspension of H2(MesCCC]CoCl3 and PMe3 (1 equiv) resulted in the formation of an orange solid after 
work-up in 69% yield (Scheme 7.4). The 1H NMR spectrum of the orange species matched that of 
(MesCCC)Co-HCl(PMe3) (Figure 7.1). The overall yield of the synthetic route (Scheme 7.4) is 62% and 
provides an alternative synthetic for the preparation of the cobalt(III)-hydride complex.  
Figure 7.8 Molecular structure of H2(MesCCC)CoCl3 with 50% probability ellipsoids. Solvent molecules 







1H NMR spectrum – CDCl3 
CDCl3 
Figure 7.7 1H NMR spectrum of H2(MesCCC)CoCl3 in CDCl3. 
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7.5 Reductive elimination of H2 and methane from (MesCCC)Co-HCl(PMe3) 
 With (MesCCC)Co-HCl(PMe3) in hand, a hydride transfer reagent was added to the metal center to 
determine if a Co(III)-(H)2 complex could be accessed. Under a dinitrogen atmosphere, the addition of 
Cp2ZrHCl to a benzene-d6 solution of (MesCCC)Co-HCl(PMe3) immediately resulted in the formation of 
(MesCCC)Co-(N2)(PMe3) and Cp2ZrCl2 as well as H2 gas (Scheme 7.5), as evidenced by 1H NMR spectroscopy 
(Figure 7.22). The reaction likely proceeds through salt metathesis to generate a transient Co(III)-cis(H)2 
species, followed by reductive coupling of dihydrogen and coordination of N2 to yield (MesCCC)Co-
(N2)(PMe3). This rapid reductive coupling suggests H2/D2 scrambling may in fact proceed via a Co(III)-
dihydride, but this species is thermally unstable and, therefore, not easily detected via conventional 
characterization methods.  
 To determine if a unimolecular process is operative during the addition of a hydride source to 
(MesCCC)Co-HCl(PMe3), we turned our attention to the use of the isotopically labeled cobalt-deuteride, 
(MesCCC)Co-DCl(PMe3), complex. The addition of Cp2ZrHCl to (MesCCC)Co-DCl(PMe3) resulted in the 
formation of (MesCCC)Co-(N2)(PMe3) and H2 and HD gas, as observed by 1H NMR spectroscopy. This is not 
indicative that elimination process in unimolecular or bimolecular since the cobalt(I) complex, (MesCCC)Co-
(N2)(PMe3), formed in the reaction scrambles H2/D2.    
 Following a similar reaction scheme, alkylation of (MesCCC)Co-HCl(PMe3) with methyllithium in 
benzene-d6 furnished (MesCCC)Co-(N2)(PMe3) and methane gas (Figure 7.9). To rule out the bimolecular 
process, alkylation of (MesCCC)Co-DCl(PMe3) with methyllithium resulted in the formation of CH3D gas, 
confirmed by 1H and 2H NMR spectroscopy (Figure 7.9). The formation of CH3D is direct evidence for a 
unimolecular reductive elimination process from the Co(III)-hydride species is operative.  
 Stoichiometric two-electron chemistry on the cobalt CCC ligand system via the oxidative addition of 
HCl and the concerted reductive elimination of H2 and methane support the proposed catalytic steps and 
proposed redox changes in the catalytic cycle of the hydrogenation of carbon-carbon multiple bonds10,11 
and nitriles12 with the cobalt complexes. To probe if additional steps, such as migratory insertion, in the 
Scheme 7.5 Addition of Cp2ZrHCl to (MesCCC)Co-HCl(PMe3). 
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proposed catalytic cycle could be characterized and further provide mechanistic evidence of H2 / D2 
exchange, additional complexes to support such studies were synthesized.  
 
7.6 Synthesis of [(MesCCC)Co(H)(N2)(PMe3)][B(ArF)4] 
 To gain insights into migratory insertion and H2 / D2 exchange pathways proposed in our catalytic 
studies, attention was turned to the octahedral (MesCCC)Co-HCl(PMe3) complex. We reasoned that the 
Co(III) species, which features a reactive hydride ligand, could serve as a platform to carry out such 
reactivity studies. Addition of olefins, alkynes, H2 or D2 to the coordinatively saturated 18-electron 
(MesCCC)Co-HCl(PMe3) complex resulted in no reaction.  The ligand displacement of the cis-position 
chloride most likely inhibits the desired reactivity.  
 To circumvent this issue, displacement of the chloride ligand from the metal complex was explored. 
The addition of sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (Na[BArF]4) (ArF = 3,5-(CF3)2C6H3) to 
a solution of (MesCCC)Co-HCl(PMe3) in benzene-d6  resulted in the formation of a yellow oil (Scheme 7.6). 
Characterization of the crude mixture by 1H NMR spectroscopy revealed a small upfield shift of the mesityl 
and P(CH3)3 methyl resonances. The upfield shift of the hydride resonance to -10.67 ppm with a smaller 
Scheme 7.6 Synthesis of [(MesCCC)Co(H)(N2)(PMe3)][B(ArF)4]. 
Figure 7.9 1H NMR spectrum the addition of MeLi (1.6M, Et2O) to a C6D6 solution of (MesCCC)Co-
DCl(PMe3). Middle inset is the 2H NMR in benzene of the same reaction. 
1H NMR spectrum – C6D6  











1H{31P} coupling constant, 2JHP = 96 Hz, compared to (MesCCC)Co-HCl(PMe3) were consistent with the 
formation of a new species (Figure 7.10).  Based the coupling constant, the hydride is presumed to remain 
trans to the phosphine ligand. The presence of an absorption band at 1828 cm-1 in the IR spectrum is 
consistent with a cobalt-hydride and is similar to (MesCCC)Co-HClL (L = PMe3 (1828 cm-1) & pyridine (1895 
cm-1)).  Interestingly, an intense absorption band at 2251 cm-1 was also observed, suggesting coordination 
of an N2 ligand to the electrophilic cobalt center, blue-shifted from vN2 = 2114 cm-1 observed in 
(MesCCC)Co(N2)(PMe3).  
 The formation of NaCl via the salt metathesis of the chloride ligand on the cobalt center with 
Na[B(ArF)4] likely transpired throughout the reaction, thus the coordination of an alternative ligand such 
as N2 or the formation of a square pyramidal 16-electron cobalt(III) species also remained a possibility. To 
unambiguously determine the molecular structure of the new species, single crystals suitable for X-ray 
diffraction studies were grown from a benzene and hexanes mixture of the target complex.  The molecular 
structure of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4]  confirms the coordination of N2 to the octahedral cobalt 
Scheme 7.6 Synthesis of [(MesCCC)Co(H)(N2)(PMe3)][B(ArF)4]. 
Figure 7.10 1H NMR spectrum of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] in benzene-d6. 
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complex across the from the Caryl carbon and is in agreement with the predicted reactivity (Figure 7.11).  
Furthermore, the hydride was found in the difference map and lies trans to the PMe3 moiety.   
Figure 7.11 Molecular structure of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] with 50% probability ellipsoids. 







Figure 7.12 1H NMR spectrum of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] in THF-d8. 










 Due to unsuccessful attempts to remove intractable impurities from the oily complex, alternative 
approaches to prepare [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] were undertaken.  To this end, the addition of 
Brookhart’s acid, [H(OEt2)2][B(ArF)4], to a THF-d8 solution of (MesCCC)Co(N2)(PMe3) resulted in the 
formation of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4]. Characterization by 1H NMR spectroscopy confirmed the 
formation of the desired product (Figure 7.12). The presence of a doublet at -10.51 ppm with a 2JDP = 15 
Hz coupling constant in the 2H NMR spectrum following the addition of [D(OEt2)2][B(ArF)4] to 
(MesCCC)Co(N2)(PMe3) in THF further confirmed the resonance was due to the added acid (Figure 7.13).  
 
7.7 Addition of H2 to [(MesCCC)Co(H)(N2)(PMe3)][B(ArF)4] 
 With [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] in hand, studies into the scrambling of H2 / D2 by the cobalt(III) 
complex were pursued. The addition of H2 to a THF-d8 solution of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] 
resulted in the shift of the mesityl methyl resonances in the 1H NMR spectrum from 1.97, 2.14 and 2.34 
to 1.88, 2.08 and 2.38 ppm, indicating the formation of a new species. The presence of a broad resonance 
at -5.57 ppm with a T1 (min) value of 18 ms at 298K integrating to 2H suggests Co-(H2) is present in solution. 
The T1(min) relaxation rate of the assigned dihydrogen resonance is similar to the rate in 
(MesCCC)Co(H2)(PR3) (R = PPh3, 12 ms; PMe3, 14 ms)12 and shorter than the rate in related electrophilic 
cobalt(III) complexes of the general formula [Cp*Co(L)(H)(H2)][B(ArF)4] (Cp* = C5Me5; L = P(OMe)3, 22 ms; 
PMe3, 52 ms).17 However, relaxation rate alone is not indicative of an explicit cobalt-dihydrogen molecule 
since contributions from the cobalt and phosphine nuclei effect the relaxation rate of the bound H2 
ligand,18 therefore the actual Co-(H2) T1(min) value is likely shorter. In addition, an upfield shift and 
Figure 7.13 2H NMR spectrum of [(MesCCC)Co-D(N2)(PPh2Me)][B(ArF)4] in THF. 






broadening of the hydride resonance to ca. -11.20 ppm suggests the formation of a cobalt(III) dihydrogen 
hydride complex in solution.  Due to the broadening of the resonance, a 1H{31P} coupling constant could 
not be resolved with confidence (2JHP ~ 75 Hz).  In this case, the broadening of the hydride resonance may 
be a result of the dynamic exchange between the dihydrogen and hydride ligands on the metal center.19 
 To further understand the nature of H2 reactivity with [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4], D2 was used 
in place of H2 to extract JHD coupling values in order to more accurately assign the new complex. The 
formation of HD gas in the 1H NMR spectrum following the addition of D2 gas to a THF-d8 solution of 
[(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] coincided with the disappearance of the hydride resonance at -10.5 
ppm, confirming the exchange of H with D2. Furthermore, the ligand based resonances observed in the 1H 
NMR spectrum were identical those of [(MesCCC)Co-H(H2)(PMe3)][B(ArF)4]. To support the assignment of 
resonances at -5.57 and -10.5 ppm arising from H2, D2 was added to a THF solution of [(MesCCC)Co-
H(N2)(PMe3)][B(ArF)4]. This resulted in the appearance of a resonance at -5.36 ppm, assigned as a Co(D2) 
species and a broad feature -10.08 to -11.35 ppm, assigned as the cobalt-deuteride ligand moiety, in the 
2H NMR spectrum (Figure 7.15).  Due to the broadening of the resonances, no HD coupling values were 
Figure 7.14 1H NMR spectrum of [(MesCCC)Co-H(H2)(PMe3)][B(ArF)4] in THF-d8. 











obtained; however, based on the 1H and 2H NMR data, it is proposed that [(MesCCC)Co-
H(H2)(PMe3)][B(ArF)4] is formed from N2 displacement in [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] by H2.  
 These studies suggest that the H2 / D2 scrambling observed with (MesCCC)Co(N2)(PR3) (R = Ph, Me)10 
likely occurs via the Co(III) dihydrogen hydride intermediates proposed previously.  Interestingly, 
throughout the course of these studies, the addition of either HCl or [H(OEt2)2][B(ArF)4] to 
(MesCCC)Co(N2)(PPh3) resulted in ambiguous products, while similar reactivity with (MesCCC)Co(N2)(PMe3) 
resulted in well-defined oxidative addition complexes.  To further examine the electronic or steric 
influence of the phosphine ligand employed, the synthesis of the PPh2Me and PPh2Me Co(I) complexes 
with the same ligand platform were pursued.    
 
7.8 Synthesis of (MesCCC)Co(N2)(L) (L = PPh2Me and PPhMe2) 
 Following a similar protocol for the preparation of (MesCCC)Co(N2)(PR3) (R = Ph, Me)10 complexes, 
(MesCCC)Co(N2)(L) (L = PPh2Me or PPhMe2) were isolated in 81% and 59% yield, respectively, as dark red 
solids (Scheme 7.7). Characterization by 1H NMR spectroscopy revealed a Cs-symmetric ligand 
Figure 7.15 2H NMR spectrum of [(MesCCC)Co-D(D2)(PMe3)][B(ArF)4] in THF. 









environment,  similar to that of (MesCCC)Co(N2)(PR3) (R = Ph, Me).10  Characterization of (MesCCC)Co(N2)(L) 
(L = PPh2Me or PPhMe2) by IR spectroscopy revealed an absorption band at 2118 and 2114 cm-1, 
respectively, assigned to a bound N2 ligand.  X-ray crystallographic characterization of (MesCCC)Co(N2)(L) 
(L = PPh2Me or PPhMe2) established the connectivity of the square pyramidal (τ = 0.17 and 0.18, 
respectively) complexes and was in agreement with IR spectroscopy. The N2 bond distances (1.111(5) and 
1.107(2) Å) in (MesCCC)Co(N2)(L) (L = PPh2Me or PPhMe2, respectively) remain largely unactivated (Figure 
7.16 and Tables 7.3 and 7.4).  
 
7.9 Oxidative addition of (MesCCC)Co(N2)(L) (L = PPh2Me and PPhMe2) 
 With the (MesCCC)Co(N2)(L) (L = PPh2Me or PPhMe2) complexes in hand, the preparation of 
electrophilic Co(III)-hydride complexes were next examined.  The addition of [H(OEt2)2][B(ArF)4] to a THF-
d8 solution of (MesCCC)Co(N2)(L) (L = PPh2Me or PPhMe2) resulted in the formation of [(MesCCC)Co-
H(N2)(PR3)][B(ArF)4] (R = PPh2Me, PPhMe2) as observed by 1H NMR spectroscopy (Figure 7.17).  Based on 
the three mesityl methyl resonances, both complexes adopt a Cs-symmetric structure in solution, similar 
to the 1H NMR spectrum of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] (Figure 7.12).  Interestingly, a close 
Scheme 7.7 Synthesis of (MesCCC)Co(N2)(L) (L = PPh2Me or PPhMe2). 
Figure 7.16 Molecular structures of (MesCCC)Co(N2)(L) (L = PPh2Me (left) and PPhMe2 (right)) 














examination of the 1H NMR spectrum of [(MesCCC)Co-H(N2)(PPhMe2)][B(ArF)4] displayed additional minor 
resonances, indicating the possible formation of additional products.  Conversely, [(MesCCC)Co-
H(N2)(PPh2Me)][B(ArF)4] appears to be the only species present in solution by 1H NMR spectroscopy and 
exhibits only one doublet at -11.62 ppm with a 2JHP = 97 Hz, consistent with that observed for [(MesCCC)Co-
H(N2)(PMe3)][B(ArF)4] (Figure 7.17).  Treatment of (MesCCC)Co(N2)(PPh3) with both HCl and 
[H(OEt2)2][B(ArF)4] yielded different reactivity compared to the PPh2Me and PPhMe2 derivatives and the 
outcome of the reactions remain unresolved. Nevertheless, the three ionic cobalt(III)-hydride complexes, 
[(MesCCC)Co-H(N2)(PR3)][B(ArF)4] (R = PPh2Me, PPhMe2, PMe3), were successfully synthesized and the 
corresponding structures provide possible explanations to the divergent reactivity.  The larger cone angle 
of PPh3 (145°) versus the other phosphines (PPh2Me, PPhMe2 and PMe3 (136, 122 and 118°, respectively)) 
may inhibit the formation of the 18-electron octahedral complex. This suggests that steric hindrance of 
the phosphine likely influences the stability of the Co(III)-hydride complexes.20 Electronic differences 
between the phosphines are not likely a large contributor to stability of these cobalt(III)-hydride 
complexes, evidenced by the pyridine derivative (MesCCC)Co-py, which was shown to be amenable to acid 
addition. 
Figure 7.17 1H NMR spectrum of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] in THF-d8. 









7.10 Migratory insertion: ethylene and ethyl acrylate 
 In the olefin and alkyne hydrogenation studies employing the cobalt catalyst, (MesCCC)Co(N2)(PPh3), 
migratory insertion of a carbon-carbon double or triple bond into the cobalt hydride fragment is proposed 
to occur. To this end, efforts to isolate or observe potential intermediates arising from migratory insertion 
using the electrophilic cobalt complexes, [(MesCCC)Co-H(N2)(PR3)][B(ArF)4] (R = PPh2Me, PPhMe2, PMe3) 
were undertaken. In these studies, [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] was chosen since the phosphine 
derivate could be cleanly furnished, however, the other electrophilic Co(III)-hydride dinitrogen phosphine 
(PMe3 or PPhMe2) analogues are assumed to react in a similar manner.  
  The addition of styrene to a THF-d8 solution of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4]  did not result in 
a change of the 1H NMR spectrum suggesting no reaction took place.  Undeterred by this shortcoming, 
the addition of 1 atm of ethylene to [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] resulted in the disappearance 
of the hydridic resonance at -11.62 ppm and the appearance of six mesityl methyl resonances integrating 
to 3H each  by 1H NMR spectroscopy (Figure 7.18).  Furthermore, the presence of a broad resonance at -
Figure 7.18 1H NMR spectrum of [(MesCCC)Co-(CH2CH3)( η2-H2C=CH2)(PPh2Me)][B(ArF)4] in THF-d8. 
1H NMR spectrum – THF-d8 
Co-(H2C=CH2) 
Co-CH2CH3 
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2.66 ppm, integrating to 4H suggested the formation of a Co(III)-(η2-H2C=CH2) in situ. The chemical shift 
1H NMR resonances of the insertion product, a Co-CH2CH3 species, remained ambiguous. The formation 
of a new resonance at 1.3 ppm in the 2H NMR spectrum (Figure 7.19) following the addition of ethylene 
to a THF solution of [(MesCCC)Co-D(N2)(PPh2Me)][B(ArF)4] matched the chemical shift of new triplet in the 
1H NMR spectrum at 1.34 ppm with a 3JCH = 7.5 Hz integrating to 3H and was assigned to the β-hydride of 
the Co-CH2CH3 fragment. The chemical shift of the α carbon protons of Co-CH2CH3 could not be 
determined with confidence.  Nevertheless, these results show that the olefin undergoes insertion into 
the cobalt-hydride species and further support such a process transpiring during catalysis. Unlike a similar 
cobalt(III) species reported by Brookhart and coworkers, [Cp*Co(L)(CH2CH2-μ-H)][B(ArF)4]17 (L = PMe3 or 
P(OMe)3),  [(MesCCC)Co-(CH2CH3)(η2-H2C=CH2)(PPh2Me)][B(ArF)4] was not active for the polymerization 
ethylene, likely due to the lack of β-agostic C-H cobalt interactions of the ethyl group.  
 A cobalt(III)-hydride intermediate was proposed to be involved in the p-H2 transfer process in the 1H 
and 13C NMR signal enhancement studies using (MesCCC)Co-py. In these studies, migratory insertion of the 
olefin was proposed, therefore the use of ethyl acrylate to probe such a similar insertion step was 
investigated.  The addition of ethyl acrylate to a THF-d8 solution of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] 
resulted in the disappearance of the hydride resonance and the appearance of a resonance at 0.29 ppm 
in the 2H NMR spectrum. This suggested that a reaction took place that was similar to that observed with 
ethylene (Figure 7.20). The presence of copious resonances in the aliphatic region of the 1H NMR spectrum 
suggested multiple species were present in the solution and attempts to purify or assign the 1H NMR 
spectrum of the crude mixture were not successful.  
Figure 7.19 2H NMR spectrum of [(MesCCC)Co-(CH2CDH2)( η2-H2C=CH2)(PPh2Me)][B(ArF)4] in THF. 






 Single crystals suitable for X-ray diffraction studies were grown from a saturated diethyl ether and 
hexanes mixture of [(MesCCC)Co-(κ2-CH3CHCOOCH2CH3)(PPh2Me)][B(ArF)4] and confirmed the connectivity 
of the compound (Figure 7.21).  The insertion of ethyl acrylate into the Co-H bond furnished an octahedral 
cobalt(III) complex.  The Cα-Co bond lies trans to the phosphine ligand and the carbonyl oxygen atom is 
trans to the Caryl-Co bond in the complex. Although a 4-membered chelate resulted from the 2,1-insertion 
of ethyl acrylate, isomerization to the more thermodynamically spices was not observed. In the case of 
[Cp*Co(L)(H2)H][B(ArF)4]17 (L = PMe3 or P(OMe)3), methyl acrylate displaces the bound H2 ligand and  
products from both the 1,2 and 2,1-insertion are observed by 1H NMR spectroscopy initially and over 24 
hours, the thermodynamically favored 1,2-inserted product is formed via the standard β-hydride 
elimination, olefin rotation, insertion mechanism.  Furthermore, 1,2-insertion products of methyl acrylate 
are well precedented with rhodium Cp (Cp = C5H5) or Cp* chemistry21-23 and proposed intermediates in 
ruthenium-mediated head-to-tail dimerization of acrylates.24   
 The coordination of the olefin to the cobalt center likely proceeds first by the displacement of the N2, 
followed the insertion of the olefin into the Co-H bond and chelation of the carbonyl oxygen atom. The 
addition of H2 to a THF-d8 solution of [(MesCCC)Co-(κ2-CH3CHCOOCH2CH3)(PPh2Me)][B(ArF)4] resulted in no 
reaction. Nevertheless, this system supports the proposed migratory insertion pathways proposed in 
catalytic hydrogenation and PHIP studies.  
Figure 7.20 2H NMR spectrum of [(MesCCC)Co-(κ2-CDH2CHCOOCH2CH3)(PPh2Me)][B(ArF)4] in THF. 







 7.11 Conclusion 
 In conclusion, stoichiometric oxidative addition and reductive elimination chemistry with the MesCCC 
ligand platform demonstrate the viability of a Co(I)/Co(III) redox couple in the scrambling of H2 and D2 and 
further support the transient formation of Co(III)-(H)2 intermediates in the hydrogenation catalysis 
observed with these complexes. Ionic cobalt(III)-hydride dinitrogen phosphine complexes were prepared 
from 1) the oxidative addition of [H(OEt2)2][B(ArF)4] onto the Co(I)-N2 precursors and 2) the salt metathesis 
of the Co-HCl phosphines complexes with NaB(ArF)4. Addition of H2 or D2 to [(MesCCC)Co-
H(N2)(PMe3)][B(ArF)4] resulted in the formation of dynamic Co-(H2)(H) complexes, which also proved to 
facilitate the scrambling of H2 and D2. Migratory insertion of ethylene or the carbon-carbon double bond 
of ethyl acrylate into the Co-H were observed and the resulting complexes were characterized by 
multinuclear NMR spectroscopy and X-ray crystallography. Taken together, these studies demonstrate 
that the MesCCC cobalt complexes engage in many of the same mechanistic steps (oxidative addition, 
migratory insertion, and reductive elimination) for which noble metals are well known. This work also 
demonstrates that the MesCCC ligand framework provides the appropriate support and spectroscopic 




Figure 7.21 Molecular structure of [(MesCCC)Co-(κ2-CH3CHCOOCH2CH3)(PPh2Me)][B(ArF)4]  with 50% 











7.12 Experimental section  
 General considerations. All manipulations of air- and moisture-sensitive compounds were carried out 
in the absence of water and dioxygen in an MBraun inert atmosphere drybox under a dinitrogen 
atmosphere except where specified otherwise.  All glassware was oven dried for a minimum of 8 h and 
cooled in an evacuated antechamber prior to use in the drybox. Solvents for sensitive manipulations were 
dried and deoxygenated on a Glass Contour System (SG Water USA, Nashua, NH) and stored over 4 Å 
molecular sieves purchased from Strem following a literature procedure prior to use.25 Chloroform-d, 
toluene-d8 and benzene-d6 were purchased from Cambridge Isotope Labs and were degassed and stored 
over 4 Å molecular sieves prior to use. Lithium hexamethyldisilazane was purchased from Sigma-Aldrich 
and recrystallized from toluene under an inert atmosphere prior to use. Celite® 545 (J. T. Baker) was dried 
in a Schlenk flask for 24 h under dynamic vacuum while heating to at least 150˚C prior to use in a glovebox. 
NMR Spectra were recorded at room temperature on a Varian spectrometer operating at 500 MHz (1H 
NMR) and 126 MHz (13C NMR) (U500, VXR500, UI500NB) and referenced to the residual CHCl3 and C6D5H 
resonance (δ in parts per million, and J in Hz). Potassium graphite (KC8),26 (MesCCC)CoCl2py,14 
(MesCCC)Co(N2)(PPh3),14 (MesCCC)Co(N2)(PMe3),10 (MesCCC)Co-py,12 NaB(ArF)4,27 [H(Et2O)2][B(ArF)4]27 and 
[D(Et2O)2][B(ArF)4]27 were prepared according to literature procedures. HCl (2.0 M in Et2O) and DCl (1.0 M 
in Et2O) were purchased from the Sigma Aldrich Chemical Company. 
 
Synthesis of metal complexes 
Preparation of (MesCCC)Co-HCl(PMe3): A 20 mL scintillation vial charged with (MesCCC)Co(N2)(PMe3) (0.024 
g, 0.034 mmol) and ca. 5 mL of THF was cooled to -35oC. A solution of HCl·Et2O (2.0 M, 17 µL, 0.034 mmol) 
was added and the mixture was stirred for 1 h.  Following the removal of the volatiles under reduced 
pressure, the mixture was washed with Et2O (2 x 5 mL), dissolved in C6H6 (10 mL), filtered over a plug of 
Celite and the solvent was removed in vacuo to give an orange solid (0.020 g, 0.027 mmol, 80%). Crystals 
suitable for X-ray diffraction were grown from slow evaporation of a concentrated solution of complex 
(MesCCC)Co-HCl(PMe3) in Et2O at room temperature.  1H NMR data (in benzene-d6): δ = 7.76 (d, J = 7.5, 
2H), 7.45 (d, J = 7.5, 2H), 7.32 (t, 2J = 6.5 1H), 7.08 (t, J = 7.3, 2H), 6.95-6.88 (m, 4H), 6.75 (d, J = 7.5, 2H) s 
(2H), 2.30 (s, 6H), 2.06 (s, 6H), 2.03 (s, 6H), 0.55 (d, JCH3P = 7, 9H), -10.0 (d, 2JHP = 109, 1H). 13C δ = 146.3, 
138.5, 138.1, 137.9, 133.8, 131.5, 130.3, 123.1, 122.8, 122.1, 110.6, 110.4, 107.3, 21.1, 19.0, 18.9, 14.0, 





Preparation of (MesCCC)Co-DCl(PMe3): A 20 mL scintillation vial charged with (MesCCC)Co(N2)(PMe3) (0.023 
g, 0.032 mmol) and ca. 5 mL of THF was cooled to -35oC. A solution of DCl·Et2O (1.0 M, 32 µL, 0.033 mmol) 
was added and the mixture was stirred for 1 h.  Following the removal of the volatiles under reduced 
pressure, the mixture was washed with Et2O (2 x 5 mL), dissolved in C6H6 (10 mL), filtered over a plug of 
Celite and the solvent was removed in vacuo to give an orange solid (0.019 g, 0.027 mmol, 82%). 1H NMR 
data (in benzene-d6): δ = 7.76 (d, J = 7.5, 2H), 7.45 (d, J = 7.5, 2H), 7.32 (t, J = 6.5 1H), 7.08 (t, J = 7.3, 2H), 
6.95-6.88 (m, 4H), 6.75 (d, J = 7.5, 2H) s (2H), 2.30 (s, 6H), 2.06 (s, 6H), 2.03 (s, 6H), 0.55 (d, 2JCH3P = 7, 9H).  
2H NMR data (in benzene, 76.7 MHz, 25 °C):  δ = -10.0 (dDP, 2J = 16.4, 1H). 
 
Preparation of (MesCCC)Co-Cl2(PMe3): A 20 mL scintillation vial charged with (MesCCC)Co(N2)(PMe3) (0.0273 
g, 0.0385 mmol) in ca. 5 mL of THF.  A solution of ClCPh3 (0.0220 g, 0.0789 mmol) in ca. 5 mL of THF was 
added to the mixture.  After stirring the brown solution for 1 h, the THF was removed under reduced 
pressure.   The solid residue was washed with THF (5 mL x 2) over a pad of Celite and the orange solid was 
dissolved in DCM (15 mL).  Following the removal of solvent under reduced pressure, the solid residue 
was triturated with hexanes (5 mL) and dried in vacuo to yield an orange solid (0.0103 g, 0.0137 mmol, 
36%). 1H NMR data (in benzene-d6): δ = 7.68 (d, J = 8.0, 2H), 7.40 (d, J = 7.5, 2H), 7.27 (t, J = 8, 1H), 7.05 (t, 
J = 7.5, 2H), 6.94-6.89 (m, 4H), 6.75 (d, J = 8, 2H), 6.68 (s, 2H), 2.58 (s, 6H), 2.13 (s, 6H), 1.94 (s, 6H), 0.40 
(d, 2JCH3P = 11, 9H).  13C (NMR data in CDCl3) δ = 147.7, 138.8, 138.5, 138.0, 133.2, 133.1, 131.7, 130.43, 
128.6, 125.2, 124.1, 123.7, 111.6, 109.7, 21.4, 20.1, 19.7, 16.4, 16.1. HRMS (ESI), calc. for C41H42ClCoN4P 
(M – Cl)+: calculated 715.2168; found 715.2164. 
 
Preparation of (MesCCC)Co-HClpy: A 20 mL scintillation vial was charged with (MesCCC)CoCl2py (0.070 g, 
0.093 mmol) and THF (10 mL).  A suspension of KC8 (0.026 g, 0.195 mmol) in THF (5 mL) was added to the 
mixture. After stirring for 2 hours, the dark brown suspension was filtered over Celite and to the filtrate, 
a solution of HCl•Et2O (2.0 M, ca. 0.044 μL, 0.088 mmol) was added dropwise to the mixture, resulting a 
yellow color change to the solution.  After stirring the mixture for 30 min, the solvent was removed under 
reduced pressure.  The product was washed with Et2O (10 mL) and extracted into THF (20 mL). The THF 
solution was concentrated under reduced pressure to an orange-yellow solid (0.040 g, 0.056 mmol, 60%). 
Single crystals suitable for X-ray diffraction studies were grown from a saturated Et2O solution of the 
complex by slow evaporation. 1H NMR data (in benzene-d6): δ = 9.38 (s, 1H), 8.22 (s, 1H), 7.80 (s, 2H), 7.51 
(s, 2H), 7.38 (s, 1H), 7.10 (s, 2H), 6.90 (s, 2H), 6.56 (d, J = 7, 2H), 6.49 (s, 1H), 6.49 (s, 2H), 6.10 (s, 2H), 5.83 
(s, 1H), 5.76 (s, 1H), 2.39 (s, 6H), 1.93 (s, 6H), 1.63 (s, 6H), -23.53 (s, 1H). The low solubility of the complex 
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precluded the collection of reliable 13C NMR data. T1(min) (298K) was found to be 115 ms. HRMS (ESI), 
calc. for C43H38CoN5 (M-HCl)2+: 683.2459; found 683.2455. IR:  1895 cm-1 (Co-H). 
 
Preparation of (H2MesCCC)CoCl3: A 20 mL scintillation vial charged with [H3(CCCMes)]Cl2 (0.123 g, 0.199 
mmol) and CoCl2  (0.026 g, 0.200 mmol) in ca. 10 mL of THF were  stirred at ambient temperature. A 
solution of lithium hexamethyldisilazide (0.034 g, 0.200 mmol) in ca. 5 mL of THF was added dropwise and 
the blue suspension was stirred for 17 h.  After removing the volatiles under reduced pressure, the crude 
mixture was taken up in DCM (ca. 10 mL), cooled to -35oC and filtered over a plug of celite.  A blue solid 
was isolated after the evaporation of DCM under reduced pressure. (0.128 mg, 0.179, 90%). 1H NMR (500 
MHz, CDCl3) δ 11.79, 10.98, 9.14, 8.39, 8.14, 7.85, 7.60, 6.75, 5.93, 4.82, 3.76, 3.17, 2.68, 1.26, 0.90, 0.33. 
 
Synthesis (MesCCC)Co-HCl(PMe3) from (H2MesCCC)CoCl3: A 20 mL scintillation vial charged with 
(H2MesCCC)CoCl3 (0.030 g, 0.041 mmol) and PMe3 (1.0 M, ca. 0.05 mL, 0.05 mmol) in ca. 10 mL of THF were 
stirred at ambient temperature for 5 min. A dropwise addition of a THF (ca. 6 mL) suspension of KC8 (0.006 
g, 0.041 mmol) and lithium hexamethyldisilazide (0.007 g, 0.041 mmol) resulted in the formation of 
orange solution after stirring at for 17 h.   The volatiles were removed under reduced pressure and the 
crude solid was washed with Et2O (2 x 5 mL), taken up in benzene (10 mL) and filtered over a plug of celite 
and lyophilized to an orange solid (0.021 mg, 0.029 mmol, 69%).  
 
Preparation of (MesCCC)Co(N2)(PPh2Me): A 20 mL scintillation vial was charged with (MesCCC)CoCl2py 
(0.080 g, 0.106 mmol) and THF (10 mL).  A suspension of KC8 (0.030 g, 0.223 mmol) in THF (5 mL) was 
added to the mixture. After stirring for 2 hours, the dark brown suspension was filtered over Celite and to 
the filtrate, PPh2Me (0.021 g, 20 µL, 0.106 mmol) was added, resulting in the change of the mixture to 
dark red.  The THF was removed under reduced pressure after stirring the solution for 5 min. The product 
was washed with hexanes (5 mL) and extracted into benzene (10 mL), filtered over Celite and 
concentrated under reduced pressure to a red solid. The solid was triturated with hexane (10 mL) and 
concentrated in vacuo to give a fine red powder (0.071 g, 0.086 mmol, 81%). The 1H and 13C NMR spectra 
match those of the reported compound. NMR data (in benzene-d6, 25 °C):  1H δ = 7.78 (d, J = 7.8, 2H), 7.63 
(d, J = 7.7, 2H), 7.48 (dt, J = 7.5, J = 2.4, 1H), 7.07 (t, J = 7.5, 2H), 6.90-6.80 (m, 12H), 6.79 (s, 2H), 6.70 (s, 
2H), 6.53 (d, J = 7.6, 2H), 2.02 (s, 6H), 2.01 (s, 6H), 1.87 (s, 6H), 0.91 (d, JCH3-P = 5.3, 3H). 13C δ = 144.9, 144.0, 
138.5, 138.4, 138.2, 136.3, 134.3, 132.0, 131.6, 131.5, 130.1, 128.9, 127.6, 127.6, 121.8, 121.7, 109.7, 




Preparation of (MesCCC)Co(N2)(PPhMe2): A 20 mL scintillation vial was charged with (MesCCC)CoCl2py 
(0.080 g, 0.106 mmol) and THF (10 mL).  A suspension of KC8 (0.030 g, 0.223 mmol) in THF (5 mL) was 
added to the mixture. After stirring for 2 hours, the dark brown suspension was filtered over Celite and to 
the filtrate, PPhMe2 (0.015 g, 15 µL, 0.106 mmol) was added, resulting in the change of the mixture to 
dark red.  The THF was removed under reduced pressure after stirring the solution for 5 min. The product 
was washed with hexanes (5 mL) and extracted into diethyl ether (10 mL), filtered over Celite and 
concentrated under reduced pressure to a red solid. The solid was triturated with hexane (10 mL) and 
concentrated in vacuo to give a fine red powder (0.048 g, 0.063 mmol, 59%). NMR data (in benzene-d6, 
25 °C1H δ = 7.86 (d, J = 7.8, 2H), 7.72 (d, J = 7.2, 2H), 7.50 (dt, J = 7.5, J = 2.4, 1H), 7.09 (t, J = 7.8, 2H), 7.00-
6,90 (m, 7H), 6.77 (s, 2H), 6.72 (s, 2H), 6.57 (d, J = 7.8, 2H), 2.07 (s, 6H), 2.00 (s, 6H), 1.92 (s, 6H), 0.63 (d, 
JCH3-P = 6.4, 6H). 13C δ = 209.5, 163.6, 143.64, 143.6, 140.3, 140.2, 138.5, 138.4, 138.2, 136.0, 134.2, 132.1, 
130.5, 130.4, 130.1, 128.0, 128.6, 121.9, 121.7, 118.9, 118.9, 109.7, 105.8, 105.6, 21.1, 18.5, 18.3, 14.5, 
14.3.  IR:  2114 cm-1 (N2). 
 
In situ preparation of [(MesCCC)Co-H(N2)(L)][B(ArF)4] (L = PMe3, PPh2Me).  The deuterium analogues were 
prepared in an identical manner using [D(OEt2)2][B(ArF)4] and show identical 1H NMR spectra without the 
hydride present.  
 
Preparation of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4]: A THF-d8 solution of (MesCCC)Co(N2)(PMe3) (0.005g, 
0.0071 mmol) and [H(OEt2)2][B(ArF)4] (0.07 g, 0.0071 mmol) was transferred to a J Young NMR tube.  The 
resulting color change yellow color and 1H NMR spectrum indicated oxidation of the species in situ. 1H 
NMR data in THF-d8 δ 8.42 (d, J = 8.3, 2H), 7.98 (d, J = 7.9, 2H), 7.76 (s, 8H), 7.60 (t, J =7.8, 2H), 7.55 (s, 4H), 
7.46 (t, J = 6.4, 2H), 7.20-7.08 (m, 7H), 2.34 (s, 6H), 2.15 (s, 6H), 1.98 (s, 6H), 0.80 (2JPH = 8.9, 3H), -10.51 (d, 
2JHP = 94, 1H). 2H NMR data THF δ -10.51 (2JDP = 15 Hz, 1D) 
Preparation of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4]: A THF-d8 solution of (MesCCC)Co(N2)(PPh2Me) (0.005 
g, 0.006 mmol) and [H(OEt2)2][B(ArF)4] (0.06 g, 0.006 mmol) was transferred to a J Young NMR tube.  The 
resulting color change yellow color and 1H NMR spectrum indicated oxidation of the species in situ.  1H 
NMR data in THF-d8 δ 8.24 ( d, J = 8.2, 2H), 7.84 (d, J = 7.7, 2H), 7.78 (s, 8H), 7.63 (t, J = 8.1, 1H), 7.56 (s, 
4H), 7.53 (t, J = 8.3, 2H), 7.40 (t, 8.1, 2H), 7.29 (t, J = 7.2, 2H), 7.11 (m, 8H), 7.02 (d, J = 8.0, 2H), 6.79 (t, J = 
8.9, 4H), 2.34 (2, 6H), 1.95 (s, 6H), 1.91 (s, 6H), 1.27 (2JPH = 7.7, 3H), -11.61 (d, 2JHP = 97, 1H).  
Determination of T1: T1 (minimum): Measurements were obtained on a 500 MHz spectrometer of 
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(MesCCC)Co-HCl(PMe3), (MesCCC)Co-HClpy, in THF-d8 by the standard inversion recovery pulse sequence 
method.   
Stoichiometric reactivity studies 
Reactivity with HCl: HCl·Et2O (2.0 M, 6 µL, 0.0012 mmol) was added to a J. Young tube containing 
(MesCCC)Co-HCl(PMe3) (0.009 g, 0.012 mmol) and ½ mL C6D6 then sealed.  The resulting 1H NMR spectrum 
showed resonances corresponding to the formation of H2 gas and (MesCCC)Co-Cl2(PMe3). 
 
Reactivity with Cp2ZrHCl: Cp2ZrHCl (6 mg, 0.023 mmol) was added to a J. Young tube containing 
(MesCCC)Co-HCl(PMe3) (0.05 g, 0.008 mmol) and ½ mL C6D6 then sealed.  The resulting 1H NMR spectrum 
showed resonances corresponding to the formation of H2 gas, Cp2ZrCl2 and (MesCCC)Co-(N2)(PMe3). 
 
Reactivity of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] with H2: A THF-d8 solution of (MesCCC)Co(N2)(PMe3) (0.005 
g, 0.006 mmol) and [H(OEt2)2][B(ArF)4] (0.06 g, 0.006 mmol) was transferred to a J Young NMR tube and 
sealed.  After subjecting the J Young NMR tube to two freeze-pump-thaw cycles, H2 gas (1 atm) was added 
at 77K resulting 4 atm of gas pressure after warming the solution to room temperature. The color of the 
solution changed to a faint yellow color.  1H NMR data in THF-d8 δ 8.41 (d, J = 8.7, 2H), 8.03 (d, J = 8.5, 2H), 
7.66 (t, J = 7.0, 1H), 7.44 (t, J = 7.7, 2H), 7.21-7.03 (m, 6H), 2.42 (s, 6H), 2.08 (s, 6H), 1.88 (s, 6H), 0.79 (d, 
2JHP = 8l6, 9H), -5.55 (s, 2H), -11.1 to -11.2 (s, 1H).  
 
Reactivity of [(MesCCC)Co-H(N2)(PMe3)][B(ArF)4] with H2: A THF-d8 solution of (MesCCC)Co(N2)(PMe3) (0.007 
g, 0.010 mmol) and [H(OEt2)2][B(ArF)4] (0.011 g, 0.010 mmol) was transferred to a J Young NMR tube and 
sealed.  After subjecting the J Young NMR tube to two freeze-pump-thaw cycles, D2 gas (1 atm) was added 
at 77K resulting 4 atm of gas pressure after warming the solution to room temperature. The color of the 
solution changed to a faint yellow color. 2H NMR data in THF δ -5.36 (s, 2D), -10.22 to -11.24 (m, 1H). 
 
Reactivity of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] with ethylene: A THF-d8 solution of 
(MesCCC)Co(N2)(PPh2Me) (0.005 g, 0.006 mmol) and [H(OEt2)2][B(ArF)4] (0.06 g, 0.006 mmol) was 
transferred to a J Young NMR tube and sealed.  After subjecting the J Young NMR tube to two freeze-
pump-thaw cycles, ethylene gas (1 atm) was added.  The color of the solution changed to a faint yellow 
color.  
Reactivity of [(MesCCC)Co-D(N2)(PPh2Me)][B(ArF)4] with ethylene: A THF solution of 
(MesCCC)Co(N2)(PPh2Me) (0.012 g, 0.0146 mmol) and [D(OEt2)2][B(ArF)4] (0.014 g, 0.0146 mmol) was 
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transferred to a J Young NMR tube and sealed.  After subjecting the J Young NMR tube to two freeze-
pump-thaw cycles, ethylene gas (1 atm) was added.  The color of the solution changed to a faint yellow 
color. 2H NMR data in THF δ 1.30 (s, 1D). 
 
Reactivity of [(MesCCC)Co-H(N2)(PPh2Me)][B(ArF)4] with ethyl acrylate: A THF-d8 solution of 
(MesCCC)Co(N2)(PPh2Me) (0.006 g, 0.007 mmol) and [H(OEt2)2][B(ArF)4] (0.007 g, 0.007 mmol) was 
transferred to a J Young NMR tube.  Ethyl acrylate (1 μL, 0.007 mmol) was transferred to the cobalt mixture 
in the J Young tube resulting in a faint yellow color change. 
 
Reactivity of [(MesCCC)Co-D(N2)(PPh2Me)][B(ArF)4] with ethyl acrylate: A THF solution of 
(MesCCC)Co(N2)(PPh2Me) (0.015 g, 0.018 mmol) and [D(OEt2)2][B(ArF)4] (0.018 g, 0.018 mmol) was 
transferred to a J Young NMR tube. Ethyl acrylate (2 μL, 0.0014 mmol) was transferred to the cobalt 







Figure 7.22 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co-HCl(PMe3) (top) and the resulting 1H NMR 











1H NMR spectrum – C6D6  










Figure 7.23 1H NMR (C6D6, 500 MHz) spectrum of (MesCCC)Co-HCl(PMe3) (top) and the resulting 1H NMR 
spectrum (bottom) following addition of HCl·Et2O (1 eq.). (*denotes Et2O) 
1H NMR spectrum – C6D6 

















Table 7.1 Crystallographic parameters for H2(MesCCC)CoCl3 and (MesCCC)Co-HCl(PMe3). 




Empirical Formula C54 H66 Co N4 O4 C41 H42.18 Cl 1.12 Co N4 P 
Formula Weight 1000.39 720.66 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal system Triclinic Monoclinic 
Space group P-1 P 21/c 
Unit Cell Dimensions 
a = 11.5158(9) Å 
b = 13.5253(10) Å 
c = 18.1738(12) Å 
α= 104.582(3)° 
β= 98.135(3)° 
γ = 105.798(3)° 
a = 12.2774(5) Å 
b = 18.0919(7) Å 
c = 16.3936(7) Å 
α = 90° 
β = 94.5253(17)° 
γ = 90° 
Volume 2568.1(3) Å3 3630.0(3) Å3 
Z 2 4 
Reflections collected 50829 44035 
Independent 
reflections 9506 6670 
Goodness-of-fit on 
F2 1.123 1.016 
Final R indices 
[I>sigma(l)] 
R1 = 0.0875 
wR2 = 0.1560 
R1 = 0.0443 












Table 7.2 Crystallographic parameters for (MesCCC)Co(N2)(PPh2Me) and (MesCCC)Co(N2)(PPhMe2). 




Empirical Formula C51 H46 Co N6 P C46 H44 Co N6 P 
Formula Weight 832.84 770.77 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Triclinic 
Space group P n P-1 
Unit Cell Dimensions 
a = 10.3973(4) Å 
b = 25.1993(9) Å 
c = 16.0066(6) Å 
α = 90° 
β = 98.5741(10)° 
γ = 90° 
a = 15.5791(7) Å 
b = 17.4213(8)  Å 
c = 19.4108(9) Å 
α = 88.5420(14)° 
β = 88.7521(13)° 
γ = 72.9757(13)° 
Volume 4146.9(3)(6) Å3 5035.2(4) Å3 
Z 4 4 
Reflections collected 80738 90030 
Independent 
reflections 15225 18497 
Goodness-of-fit on 
F2 1.048 1.032 
Final R indices 
[I>sigma(l)] 
R1 = 0.0324 
wR2 = 0.0791 
R1 = 0.0415 




Table 7.3 Selected bond lengths and angles for H2(MesCCC)CoCl3 and (MesCCC)Co-HCl(PMe3).  
 H2(MesCCC)CoCl3 (MesCCC)Co-HCl(PMe3) 
Bond Distances (Å)   
Co – CNHC 2.070(5) 1.922(3) 
Co – Caryl N/A 1.857(3) 
Co – CNHC N/A 1.919(3) 
Co-H Cl1 2.2417(15) 1.40(5) 
Co – Cl1 Cl2 2.2946(14) 2.3057(7) 
Co – P Cl3 2.2805(14) 2.2229(8) 
Co-Cl2 N/A 2.483(6) 
Bond Angles (°)   
Caryl-Co-N Cl1-Co-Cl2 116.75(6) N/A 
CNHC-Co-Caryl Cl1-Co-Cl3 107.23(6) 80.77(11) 
Caryl-Co-CNHC Cl3-Co-Cl2 104.97(5) 80.76(11) 
CNHC-Co-CNHC C-Co-Cl1 107.44(14) 158.71(11) 
Caryl-Co-Cl1 C-Co-Cl2 105.29(13) 99.23(8)  
N-Co-P C-Co-Cl3 115.54(14) N/A 
P-Co-H N/A 174.0(17) 




Table 7.4 Selected bond lengths and angles for (MesCCC)Co(N2)(PPh2Me) and 
(MesCCC)Co(N2)(PPhMe2). 
 
 (MesCCC)Co(N2)(PPh2Me) (MesCCC)Co(N2)(PPhMe2) 
Bond Distances (Å)   
Co – CNHC 1.901(4) 1.905(2) 
Co – Caryl 1.870(4) 1.870(2) 
Co – CNHC 1.915(4) 1.889(2) 
Co – N 1.836(3) 1.8339(19) 
Co – P 2.2183(11) 2.2058(6) 
N – N 1.107(5) 1.103(3) 
Bond Angles (°)   
Caryl-Co-N  163.73(16) 164.00(9) 
CNHC-Co-Caryl 79.18(17) 78.87(9) 
Caryl-Co-CNHC 79.01(16) 79.64(9) 
CNHC-Co-CNHC 153.57)16) 153.15(9) 
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